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ABSTRACT

A study of rock coring techniques applicable for lunar surface operation within
the constraints of early LEM missions resulted in the selection of a rotary-percussion
system employing fungsten~carbide core bits. Fabrication of a breadboard model,
and subsequent evaluation tests demonsirated that twelve feet of consolidated rock
core can he obtained without gaseous or iiquid lubrication and hole flushing agents
which are always employed with commercial drilling equipment. Parallel analytical
studies were conducted to the degree reqaired for specifying the design and specifica-
tions for a coring device which can be operated in the lunar environment.
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SUMMARY

A preliminary basic data evaluation revzaled that the rotary diamoad coring tech-
nique utilizing thin-wall core bits should be initially investigatea for the ten-foot lunar
rock coring device. This selection was based on the Zollowving criteria:

. Requi--ement for obtaining consolidated cores to depths of ten feet
. Inherent simplicity, reliability, and light weight

Payload and power limitations ot the Lunar Excursion Module
. Astronaut capability and dexterity limitations

. Possibility that residual LEM descent stage pressuricing helium may be
available as a coring dust removal and bit cooling agent

. Previous related investigations by other contractors did not inzlude an
extensive evaluation of special design, thin-wall bits

Subsequent coring feasibility test.s were conducted using "set" and "impregnated
matrix" diamond thin-wall core bits employing both natural and synthetic diamonds.
Although satisfactory coring penetration rates were attainable, rapid diamond dulling
occurred in medium-hard and hard rock materials unless excessive quantities of cool-
ing and core dust removal gas were employad, Interface mee.ings with NASA and
Grumman Aircraft Company revealed that the availability of LEM pressurizing helium
could not be guaranteed. As a resul., the diamond rotary coring technique was elim-
inated for the coring of hard rock materials. Other feasibility tests using the rotar--
percussion coring technique revealed that this approach will best meet the lunzr oper-
ating requirements.

A breadboard model rotary percussion coring device was designed and fabricated.
Evalua.ion tests rev . led that the device is capable of coring medium-hard rock fron:
a depth of at least twelve feet without the use of a gaseous or liquid dust remova. and
bit coolant agent. Dust removal and transport to the surtace is accomplished by the
use of helices machined into the core bit, core barrel, and core barrel extension
tubes. Additional analytical studies were conducted to define the environmental con~
trol system requirements. Detailed specifications and drawings were dey loped for
the lunar rock coring device.

Evaluation of various prime mover systems for the lunar rock coring device re-
vealed that the electric motor is preferred over the gas and pneumat.c turbines. Fur-
ther, an analysis of AC and DC electric motor systems using the LEM power source
indicated that the DC system would be more efficient (delivered power per unit weight)
for operating radii up to approximately 350 feet. For operating radii greater than
350 feet, the lighter weignt of the AC power transmission cable compensates for the
weight and voltage conversion efficiency of an inverter, and the AC system becomes
more efficient. However, the total delivered power by either system at a distance of
350 feet is unacceptable unless a large percentage of the payload weight is devoted to
the power cable. Therefore, it is recommended that tho DC drill system be employed
at distances not exceeding 100 to 150 feet from the LEM vehicle,
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Various portable electric power sources were studied with respect to their appli-
cabilily for increasing the operating range of the lunar coring device. These power
systems included:

Silver-zinc batteries
Fuel cells

Solar concentrators
Solar cells
Radioisotope generatoi's
Nuclear reactors

Chemical dynamic alternator systems

It was determined that a significant portion of the 250-pound payload capability of
the LEM spacecraft would be required for transporting a portable power supply to the
lunar surface. If a poriable power source is desired, a 70-pound, 2000 watt-bour,
rechargeable, silver-zinc battery would best meet the requirements, The complexity
and weight of the other power sources studied would not be recommended for powering
the lunar coring device.

Hardware delivered under this contract included the following major items:

.

Breadboard Model Lamar Coring Device

Specifications
Coring Mode - Rotary-Percussion
Prime Mover - 28 VDC Permanent Magnet Motor
Power Requirement - 20 to 26 Amperes @ 28 VDC
Coring Capability - 12 Feet (tested)
Core Diameter - 1 Inch
Penetration Rate - 0.5 to 1,0 Inch Per Minute
(Vesicular Basalt)
Rotational Speed - 270 Revolutions Per Minute
Impact Energy - 16 Inch~-Pounds (Fixed)
Impact Frequency - 6 Blows Per Revolution
(1620 bpm nominal)
Control - Semiautomatic
Envelope Dimensions - 14" x 14" x 30"
Weight - 63 Pounds (Including All Accessories)
Projected Flight Model - 40 Pounds ‘
Weight
Laumar Drill Load Simulator (Motor)
Electrodynamic Brake

Electrodynamic Brake Control Box
Power Csables (12 & 100 Feet)
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The last four items were supplied for LEM Power System Tests for simulating
the electrical loading characteristics of the lunar coring device.

INTRODUCTION

During the past several hundred years, many techniques have been developed for
drilling and coring in the terrestrial subsurface. Technigques developed by the Chinese
in the 1500's are still in use today, with the exception that the crude materials and
muscle power have been replaced with steel and powerful engines.

The majority of present-day subsurface drilling and ecring is accomplished by
employing rotary, percussion, or rotary-percussion techniques. There have been
many technological advances in the drilling industry which have resulted in significant
improvements in the drilling techniques using the commercial efficiency scale, cost
per foot of drilled hole, as a criterion. However, there has been a minimum of
effort (or requirements) directed toward the power optimization of drilling techniques,
reduction of equipment weight, and conservation of bit cooling and chip removal gases.
Early feasibility studies performed by Hughes, Texaco, and Armour represent the
first attempts to optimize terrestrial drilling techniques for use on the lunar surface.
These studies were oriented toward the development of a device capable of drilling a
complete hole to a depth of five feet on the lunar surface. The purpose of this five-
foot hole was to measure the bearing strength and hardness of the lunar surface as
deterniined by penetration rate, and to produce core dust for subsequent instrument
analysis. The extraction of consolidated cores was not requirzd of these early drilling
devices.

The Lunar Rock Coring Device Design Study was oriented toward the development
of a drill capable of extracting consolidated subsurface cores from depths of ten feet.
The general design objectives included:

. An appraisal of possible methods of rock coring on the lunar surface
taking into consideration the local vacuum, temperature, and gravity
conditions

e -

. The recommended method and coring device design mus* be compatible
with the limited dexterity and mokility of the spacesuited astronaut

. Operation of the coring device must be automatic, or semi-automatic
requiring minimum astronaut attention

The study shall include the design of a coring device capable of cutting
ten (10) feet of core one (1) inch in diameter from consolidated rock

.  Portable power supplies as well as direct operation from the LEM
fuei cell shall be considered

ey 1 S s A SR Yt RS A SN Tor.
O3 e ' L
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Although the development of hardware was not specifcally required by the Re-
quest for Proposal, Martin believed that a breadboard mudel coring device was desir-
able to thoroughly evaluate the selected coring technique, A hardware requirement
was subseque..ly added as a contractual item for the Study.
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The initial phase of the study consisted of an evaluation of basic data influencing
the design of the coring device. This included lunar geological and environmental
factors, material selection considerations, human factors. Apollo LEM interfaces,
and drilling methods. As a result of the basic data evaluation and feasibility tests,
a design approach was selected for the coring device. Detail design and fabrication
of the machine was completed, and various evaluation tests performed.

This report includes the work performed from September 21, 1964 through July 27,
1965, and was conducted under the auspices of Mr. W, Benckert, Program Manager,
and Mr, M. B. Goldman, Manager of Logistic Support, Baltimore Division, Martin

Company, Other individuals, and their specialty areas, who contribut=d to this pro-
gram included:

The Martin Company The Black and Decker Mfg, Co.
Fritz Albrecht, Electrical Systems Richard Koen, Engineering Supervisor
Paul W, Boone, Materials Specialist Melvin H, Neuhardt, Engineering
Donald S, Crouch, Program Technical Superyisor
Director Robert A. Riley, Engineering Manager
Albert H, Haron, Environmental Con- Allen C. Stanley, Project Engineer
trol Systen:

Donald F. Malzahn, Testing Evaluation

Gus A. Rouvellat, Thexmal Analysis
and Design

Bernard A. Thill, Human Factors

Rowland M, Younger, Engineering
Supervisor

Dr. Elbert King, Geology and Geochemistry Section of the Lunar Technology
Branch, NASA~Houston, provided program direction and monitoring.
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g POTENTIAL DESIGN APPROACHES
] Basic Data Evaluation

The initial phase of this study was devoted to the evaluation of existing data which
could influence the des.gn of the lunar rock coring device. Predominant subjects for
study included: 1) Apolio-LEM Interfaces, 2) Lunar Surface Geological and Environ-
mental Factors, 3, Coring Techniques, 4) Man/Machine Interfaces, and 5) Materials
Selection Criteria. The results of this basic data evaluation are presented in
Appendix A .

v 1
s 40

. .
basan, 2eeud

The primary restrictions imposed upon the coring device design are required by
the Lunar Excursion Module. Factors such as minimum size, weight, and power
consumption greatly infiuenced the design approach for the basic machine and its
S prime mover. Structural elements s:uch as the core barrel, extensions, and travers-
ing column were limited to thirty (30} inches in length in order to facilitate storage
within the LEM scientific equipment bay. Subassembiies such as the ten feet of drill
bit extension rods required the design of mechanical couplers to enable disassembly
and stowage. A power system analysis was ccnducted to detexmine that the most
efficient means for utilizing the 28 V dc¢, 2400 watt-hours allotted for the coring de-
vice mission is a simple dc-motor driven directly by the LEM power source which
may consist of a fuel cell or silver zinc batteries.

The foregoing represents the general LEM interface areas considered during this .
study. These interfaces must be defined and coordinated in greater detail as the de- ’
sign of the LEM, lunar coring device, and cther scientific payloads approach finaliza-
tion.

IS S S

Study of current interpretations of lunar surface geology established the guidelines
for the hardness range of materials for which the machine was designed to core. The
test program for the breadboard models included the coring of materials such as basalt,
obsidian and pumice. Other locally available materials were tested including granite
biotite gneiss, biotite schist, sandstone, and marble.

S
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The primary lunar surface environmental factors which influenced the design of
the coring device were temperature and ambient pressure. An analysis was conducted
to determine the effects of operating the electric motor under these environmental
conditions. The analysis revealed that an active thermal control system will be re-
quired, and a conceptual design for a workable system was completed.

A study of coring techniques whick may be applicable for the lunar coring device
was conducted as summsarized in appendix A, Coring technigues which were consid-
' ered, and subsequently rejected included: 1) Flame and electric arc drills, 2) Chem-
ical softeners, 3) Pelle’ impact and abrasive laden jets, and 4) Explosive shape charges.
The study revealed that only two techniques warranted further evaluation - rol'.a.(? and
rotary-percussion coring. The rotary technique was previously studied(1)(29)(30) ang
rejected for use on the unmanned Surveyor lunar lander for complete-hole drilling to
a five-foot depth. However, most of these early tests were conducted with standard,
off-the-shelf wide Lerf diamwond bita which are not particularly desirable for the lunar
application because of exvessive axial pressures and power requirements. ‘The

N
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inherent mechanization simplicity, reliability, and light weight of the rotary systems
warranted further investigation with narrow kerf core bits specifically designed for
the lunar application. Therefore, the initial feasibility tests conducted under this
contract were oriented toward development of a nure rotary coring system.

A brief study of man/machine interface factors was also conducicd prior to the
design of the coring device. Primary man/machine design considerations for the
lunar coring device included: 1) A maximum of automatic operation features commen-
surate with the previously discussed payload iestrictions, and 2) A minimum of astro-
naut effort required for initial emplacement and operation of the device. The final
breadboard model design resulted in a semi-automatic operation which requires peri-
odic attention by the astronaut for core removal and coupling of additional drill rod
extensions as greater coring depths are attained. The device was also designed to
facilitate performance of most astronaut tasks from a standing position. This included
major tasks such as coupling and uncoupling drill rod extensions, and "“feeding* of
these extensions to the coring device driving machanism from the standing position.
These features, which are required by the state-of-the-art Apollo spacesuit, require
some tradeoff with weight and reliabilily. Subsequent coring device models may not
require standup position operation if significant dexterity improvements are developed
for later versions of the Apollo spacesuits.

A brief review was conducted of state-of-the-art materials and lubrication sys-
tems which may be applicable for the final model space-qualified Iunar coring device.
The results of this review are presented in Appendix A.

Rapid improvements are being made with solid film lubricants and materials with
"bulit-in" lubricants such as the sulfurized steels which are designed for near-vacuum
environments. Utilization of these lubrication techniques may eliminate the require-
ment for a pressurized gear box (normally required for lubricant retention in low pres-
sure environments) since the total operating time will be relatively short. Lubricant
retention is mandatory for preventing galling and cold welding of sliding or rolling sur-
fuces such as gears and ball bearings.

Specific recommendations for materials ard lubricants for the space qualified
lunar coring devices are prosented in the Conclusions and Recommendations Section.

Rotary Diamond Coring Technique

As a result of the basic data evaluation (Appendix A), the rotary diamond coring
technique initially appeared to best meet the requirements for the lunar coring device.
The desirable features of simplicity of operation and mechanization, inherent light
weight compared to other systems, and predicted reliability warranted further investi-
gation of this technique during the early feasibility tosts.

In order to further evaluate the capabilities and requirements for the rotary coring
technique, a preliminary analytical model was developed using an assumed electric
motor as a prime mover, Estimated parameters were assigned to the system which
approximated those anticipated for a final model coring device. The detailed analysis
of the preliminary analytical model coring device is presented in Appendix B.

 Zeaa i et re——s L0 pin o+ S5 i enamits o (ks g L AT e tbmas Akl fwbame S Bk i e W e o e a e a1, PR ¥ P T
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The early feasibility tests revealed that heating of the core bit and removal of the
i core cuttings were major problems inherent with the rotary diamond coring technique.
Therefore, the analytical model consisted of an open loop helium coolant system which
served the triple purpose of cooling the eleciric motor and coring bit, and flushing
i the core cuttings from the bottom of the drill hole. A power level of 600 watts was
| assumed as the input to the coring device electric motor. Estimated motor and drill-
ing efficiencies were assigned to the system, along with core bit hold-down pressures
and rotational speeds.

A primary purpose of the preliminary analytical model was to determine the helium
requirements for effective operation of the system. Helium was chosen for the analy-
tical model because of its relatively high heat capacity. The analysis revealed that
steady state coring would require 1.85 pounds of helium per hour and full load operation
would require 4.5 pounds per hour. The initial estimated drilling task included 6
hours of steady state operation and 1 hour of full load operation. The analysis revealed
| that a 7-bour drilling task would require 15.6 pounds of helium, with a container weight
of 10 pounds per pound of gas. Therefore, the total calculated payload penalty for the
helium coolant system was 171.6 pounds, exclusive of the weight of the basic coring
device,

1

In view of the excessive payload penalty for transporting a helium ccolant system,

; the possibility of utilizing residual helium from the LEM descent stage propellant

o presaurization system was considered. Preliminary estimates indicated that 16 to 18

pounds of residual helium may be available from the LEM pressurization system.

This helium could be transported to the lunar coring work site by means of a connect-

ing hose from the LEM or by intermittent filling of a portable container. Since utili- .
zation of residual helium from the LEM initially appeared feasible, the rotary diamond

coring technique was further evaluated. (Subsequent information revealed that tae

availability of LEM descent stage helium could not be guaranteed.) ¢

ot g

Diamond Coring Feasibility Tesls
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A series of rotary diamond coring feasibility tests was conducted to evaluate the
drilling efficiency and durability of various special -design bits for operation within
the restrictions of the lunar surface application, Equipment was provided to measure
drilling parameters including motor voltage, current, power and rpm; coolant air
pressure, flow rate, inlet and outlet temperaturcs; bit pressure and penetration rate.
. Figure 1 pictorially illustrates some of the equipment utilized during the early test
L program, Figure 2 schematically depicts the functional location of the drilling instru-

mentation, and Figure 3 is a representative sampling of the diamond core bits which
were evaluated.

et

o ol

e
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B The feasibility test program resulted in the evalration of the following general
categories of diamond core bits:

1. Standard Wide Xerf (5/16-inch) Set Diamond

2, Stardard Wide Kerf (5/16-inch) Niamond Impregnated Matrix
3. Special Design Thin-Wall Set Diamond

P 0 W e o N R
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Figure 3. Feasibility Test Coring Bits
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4. Special Design Thin-Wall Diamond Impregnated Matrix
5. Special Design Thin-Wall Set (Synthetic} Diamond
6. Special Design Rotary Carbide

Representative test results are presented in Appendix C.

The early feasibility tests were conducted using a small dc motor capable of oper-
ating in the 500-60C watt power runge. Coolant flow rates were purposely maintained
at relatively low levels commensurate with the total residual helium anticipated to be
available in the LEM descent stage propulsicn system. A special gear box was de-
signed for the test motor which permitted rotational speed variations ranging from
300 to 2400 rpm. Variations in both axial bit pressures and rotational speeds were
used for the penetration rate optimization tests.

The possibility of utilizing the wide kerf bits for the lunar coring device was imme-
diately eliminated during the feasibility tests. Excessive power consumption (1500-
2200 watts) and axial bit pressures (300 to 800 pounds) were required to attain a signifi-
cant penetration rate with these types of bits. Elimination of the wide kerf bits for
possible use on the lunar coring device also eliminated the use of a double core barrel
for the prevention of core fracturing. The clearances obtainable with the narrow kerf
bits are not sufficient to accommecdate an inner, non-rotating core housing.

Feasibility coring tests of the thin wall set diamond bits resulted in significantly
improved penetration rates as compared to the wide~kerf, standard diamond bits.
Maximum penetration rates of 30 inches per hour were obtained in the extremely hard
granite biotite gneiss at reasonable power levels of 600-700 watis as indicated in
Appendix C. Softer materials such as marble could be penetrated at rates up to 135
inches per hour. However, these relatively high penetration rates rapidly decreased
after a few inches of drilling due to diamond dulling, The rapid diamond dulling was
attrituted to two factors:

1. The relatively low coolant flow rates (5 to 20 scfm) maintained during the
tests werenot sufficient to remove the excessive heat generated by the dia-
mond corirg technique. Diamond discoloration and rapid polishing sug-
gested the possibility of phase change due fo high point contact temperatures.

2. The low gas flow rates were not sufficient to maintain a clean drill hole cora~
pletely free of coring dust. Therefore, the dust tended to accumulate at the
hole bottom which prevented the small diamonds from cutting effectively.

As a result, the coring dust impacted at the hole bottom, and aggravated

the heat generation problem. The employment of mechanical dust transport
spirals did not significantly improve the problem of maintaining a dust-free
hole at the cutting Lit.

Approximately ten (10) set-diamond, thin-wall bit contigurations were designed
by various manufacturers including Wheel Trueing Tnol Company, Anton Smit, and
Hoffman Brothers, Variations in diamond type (ns ural and synthetic), size, shape,
orientation and matrix composition were tested. The test results were similar with
all bit configurations - rapid diamond dulling after two (2) to twelve (12) inches of
coring in the hard to medium-hard rock materials including basalt, granite biotite
gneiss, biotite schist, and marble. The only material tested which could be satis~
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factorily cored without diamond dulling was pumice. The relatively low cutting energy
required for this material, aided by the "natural' dust storage reservoirs provided by
the vesicles resulted in penetration rates of approximately 11 inches per minute.

Due to the limited success of the thin-wall set diamond bits for coring of hard to
medium-hard rock materials, subsequent testing was conducted with impregnated
diamond matrix core bits. Since dulling of individual diamonds was found to be una-
voidable, the use of a diamond impregnated matrix which would abrade and expose new
diaronds anpeared feasible for the lvaar application. Approximately six (6) core bit
configurations were designed and tosted in an effort to develop a matrix which would
abrade properly under the light londing conditions. Very limited success was attained
wi.h this type of bit because the matrix was either too hard for sufficient abrasion, or
too soft resulting in logs of complete diamonds during the coring procesc. As a re-
sult, the impregnated matrix bits performed similarly to the set diamonu bits, with
penstration rates decreasing rapidly after dulling of the outer layer of diamonds.

, experimental rotary tungsten-carbide bit was designed by the Pratt and Witney
Tool Ccmpany. The tungsten~carbides are generally empioyed for rotary-percussion
drilling in the low power drilling machines, The experimental bit, as shown in Fig-
ure 3, consisted of eighteen (18) small carbide cuiters brazed on the core barrel.
This bit also did not perform satisfactorily in the pure rotary mode due to rapid drill-
ing of the carbide cutters. This type of bit possesses inherent characteristics such
as extreme impact resistance which make it adaptable to che rotary-percussion drilling
mode.

In summary, none of the previously listed dizmond and carbide core bits are suit-
able for rotary coring of herd to medium-hard rock materials under lurar operating
restrictions for the ten-foot lunar rock coring device. Only soft materials such a3
pumice, and possibly unwelded tuff and small grain size rubble can be cored success~
fully with the diamond bits.

Prelininary Design Approaches for Rotary Coiing Device

A study was undertaken to determine the most efficient design for the pure rotary
coring device. This study wae conducted concurrently with the performance of the
early dicinond coring feasibility tests, when it appeared that the pure rotary technique
would best meet the lunar coring requirements. The pure rotary technique was the
least complicated to mechanize, requiring only a rotational and axial loading of the
cutting head for coring. The optimized rotational and axial thrust requirements were
obtained from the feasibility tests. Since the axial thrust requirement for the bit
exceeds the restraining capability of the light-weight coring device under a 1/6-G
environment, the use of rock anchors is mandatory.

Three basic techniques were considered for the rotary coring device as illustrated
in Appendix D. These included: 1) Direct Drive Device, 2) Continuous Feed, and
3) Intermittent Feed. The intermittent feed technique was selected as a logical com-
promise based on mechanization simplicity, and ease of handling by a spacesuited
astronaut.

12
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The first model coring device employing the pure rotary, intermistent feed tech-
nique is illustrated in Figure 4. The driving motor is mounted on a vertical, gearec
column thirty (30) inches in length. A low rpm, high torque gear and slip clutch
assembly is employed to drive the motor vertically on the geared column. A one~way
cluteh and drive device suppiies the rotation to the thin-wall drilling tubes.

Operation of the machine is relatively simple. With the motor and gear box assem-~
bly in the extreme upward positicn, the drive device locking wheel is loosened, and the
thin-wall diamond core bit and tube is hand-fed through the drive ass~mbly antil the bit
contacts the lunar surface, The drive device locking wheel is tightened, and the
machine is turned on. The motor and gear box assembly rotate and drive the core
bit and tube downward until the lower limit is reached. A new drill tube extension is
then coupled te the original tube, the drive device locking wheel is loosen>d, and the
motor and gear box assewi'ly is traversed vertically to the extrer:~ upward position

This sequence is repeated several times until a total of ten feet ovr urill tubes are driven
into the lunar suriace.

Before the pure rotary coring device reached the testing phase of the program, it
became evident from the diamond coring feasibility tests that a rotary-impact mechanism
would be reguiced for coring hard rock materials. As a result, an impacting mech-
anism vas designed and incorporated on the basic rotary machine shown in Figure 4.
Details of this final breadboard model rotary-percussion coring device are preseried
in & later section of this report.

Prime Mover Systems

A brief study was conducted of possible prime mover systers whicn could be util-
ized for pc wering the lunar coring device. The results of this study are suinmarized
in Appendix E. Since electrical power will be available in the T.EM for possible
powering of an electric motor, other potential prime mover 3ystems would prcoably
have to ooerate from readily available energy sources which would not be chzarged to

the scientific equipment payload weight limitation in order to remain competitive with
the electrizal system,

The possible use of residual fuel from the LEM descent stage would provide a
"free' energy source with no charge to the scientific equipment payload. The study
indicated that the residual aerozine 50 (50 percent hydrazine and unsymmetrical
dimethyl hydrazine) and nitrogen tetroxide could possibly be utilized to drive a small
turbine for powering the lunar coring device. The turbine would consume approxi-
mately 6.7 pounds of fuel per 0.5 HF-hour, which is considered to be an adequate
power operating level for the coring device. However, if resiiual fuel is not available
in the LEM descent stage, the 47 to 50 pounds of scientific equipment payloud weight
which would be allocated for sufficient fuel for 2 7-hour drilling mission would not be
recommended. Other factors such as high temperature and toxic exhaust gases would
also reduce the desirability of this type of system.

The possibility of using pneumatic power generated by solar heating of cryogenic
gas for driving a small turbine was also considered. However, a detailed analysis

assuming helium as a system gas revealed that the solar heat energy would be inguf-
ficient for this particular application,

13
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The prime mover sysgtcms sfudy also included de vs. ac electrical system effi-

ciencies and weight.

Low speed and high speed dc motoir systems driven directly

from the LEM power source were compared with low and high speed, 400 cps, 3-
phase systems obtained through power conversion equipment. The studv showed
that the power delivered to the lunar coring device per unit weight was more effi--
cient with the low spzed dc system for power cabie operating radii up to 350 feet.
However, both the dc and a¢ delivered power were relatively low at this distance.
The study revealed that the op=rating radius of the coring device should not exceed
100 to 150 feet unless a relatively iarge percentage of the drill system: weight is de-

voted to the power cable,

A 100-foot cable using the recommended 6 AWG aluminum

conductor would weigh approximately 7 pounds,

Self-Contained Power Sources

A study was conducted to determine potential power supplies which may be utilized
for portable operation of the lunar coring device. Utilization of a power cable con-
nected to the LEM power source presents ochvious restrictions on the operating radius
and available drilling time for the coring device. The results of this study are pre-
sented in Appendix F.

The study considered several potential power sources including: 1) batteries,
2) fuel cells, 3) chemical dynamic systems, 4) photovoltaic devices, 5) solar concen-
trators, and 6) nuclear powered devices.
and system weight and compiexity were considered a3 tradeoff parameters.

Power operating level, total operating time,

The study revealed that only the silver-zinc battery system should be considered
as a possible portable power supply for 'he lunar coring device. It was estimated that
a 2160 watt-hcur, high discharge rate battery will weigh approximately 70 pounds.

This is a relatively high scientific equifment payload weight penalty if the basic LEM
power system were a fuel cell. However, if the basic LEM power system is also sup-
plied by silver zinc batteries, it should be possible to package the batteries in such a
mannar that the 2400 watt-hour capacity allotted to the drill could be supplied in a sep-
arate unit and transported to the drilling site by the astronaut. Several distinci advan-
tages would be gained by this recommendation:

1.

2‘

The lunar surface astronaut would have complete freedom for drill site
selection without being restricted by the length of the power cord.

The scientific payload would not be penalized by the weight of the battery
or long power cable, (It is assumed that the 2400 watt-hour battery would
be considered as a portion of the LEM power system weight.)

Emplacement of the lunar drill could be accomplished more rapidly with-
out the burden of unwinding and laying a long power cable.

Cunducted noise from the lupar drill to the LEM (via a power cable)

would be eliminated.

Radiated noise from the lunar drill would be reduced since the power
cable tends to exhibit the characteristics of an antenna,

It is possible that the weight of internal LEM electrical harness, circuit
breaker, and connectors may be reduced if use of the heavy duty power

cable for the drill is eliminated.
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BREADBOARD MODEL CORING DEVICE

Basic Design

Ag a result of the preliminary coring feasibility tests, it became evident that a
rotary-percussion device driving a tungsten-carbide core bit would be required for
coring medium-hard to hard rock materials within the operating restrictions dictated
by the LEM payload vehicle and lunar environment. The major operating restrictions
for the lunar coring device include: 1) weight and size limitation, 2) iimited availabie
power, and 3) lack of sufficient gas for core bit coolant and rapid dust removal as re-
quired for the diamond rotary coring technique unless specifically transported to the
lunar surface for this purpose.

A spring and ratchet-type cam mechanism was designed for adaptation to the pre~
viously developed rotary-coring device (Figure 4! to provide the required percussive
blows to the core bit. Figure 5 shows the basic coring device with the percussion
assembly incorporated. Figure 6 shows the final breadboard model lunar coring de-
vice with control box incorporated.

The lunar rock coring device provides three (3) distinct forces to the tungsten-
carbide core bit: 1) rotation at approximately 270 rpm, 2) controlled axial pressure
of approximately 40 pounds, and 3) percussive blows at a rate of approximately 1,620
bpm.

The machine consists of four (4) major assemblies:

1) Basic Mounting Structure - Consists of base plate for anchoring and lc -eling
on a rock outerop, 30-inch vertical stabilizing column, and auxiliary stabili~
zation leg.

2) Integrated Motor and Gear Box - Consists of 24 V de motor, gear reduction
box, rotary drive, percussion assembly and vertical traversing drive assem-
b

3) Drill String - Consists of replaceable tungsten—carbide core bit, core barrel,
and six (6) core barrel extension tubes.

4) Control Box ~ Consists of switches, relays and ammeter required for semi-
automatic operation of the coring device,

The integratea motor and gearbox assembiy provides tue rotation and percussive
blows to the core bit through the core barrel and core barrel extension tubes. Axial
pressure is provided to the core bit by the clutch-controlled vertical traversing drive
system. This system is capable of power driving the integrated motor and gearbox
assembly in either direction at a maximum rate of 1. inches per minute. When the
machine is coring (downward direction) the magnitude of axial pressure is controlled
by tightening or loosening the slip clutch.

The rotary-percussion machine (Figure 6) maintains the same drill string "feed
through" characteristic of the original rotary coring machine of Figure 4. However,
since the percussive blows must be applied to the top of the drill string (to minimize
energy losses), a percussor assembly must be coupled to the top of the drill string

16
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which is restrained by the removable top of the percussor housing. In order to add
extension tubes, the percussor housing top must be removed, and the entire drill string
pulled upward through the percussion housing assembly., After the extension tube has
been added to the drill string, the drill string assembly is '"fed" down through the per-
cussion assembly housing, seated in place, and the percussor housing tev is re-
installed. This technique was initially selected to maintain the highest possible work-
ing level for the astronaut. An alternative technique would involve coupling and wi-
coupling of the drill tubes on the under gide of the gear box assembly, with a means
provided for rotating the entire integrated motor and gear box assembly around the
travereing column to facilitate removal of the drill string from the core hole when re-

quired. This technique would require the spacesuited astronaut to perform operational
tasks at a lower working level.

Detail design descriptions of the breadboard model coring device are presented in
the following paragraphs. The design drawings and specifications are presented in
Appendix J under separaie COVer.

Control System

Control of the lunar coring device can be accomplished with a8 minimum of acces-
sories if visual monitoring by an astronaut is practical. Figure 5 represents the
simplest possible controls configuration. The geurshift lever is operated manually in
order to set the machine in either a "neutral" or "running' position. However, the
direction of vertical traverse must be controlled by the polarity of the dec power source.
The polarity switching can be accomplished at the power source (LEM) or by the incor-
poration of a double pole-double throw switch (not shown) mounted on the coring device.
The sequence of operations with the minimum control system is as follows:

1) With the machine and core barrel in place, the astronaut would engage the gear

control lever, and apply power of correct polarity (by a local or LEM DPDT ' )
switch) to begin the coring operation. . »

2) When the machine reached the lower limit of traverse, an astronaut would be
required to manually turn the power off. If this function were not immediately
accomplished, the machine would continue to run with slippage of the drive
clutch. Although this would not necessarily damage the machine, wasteful
power consumption would continue until the power was turned off.

[RNEC R g

AL B2 T

3) Reverse traversing would be accomplished by manually placing the gear lever
in the "neutral position, and reapplyin‘ _he power (locally or from the LEM)
with reverse polarity.

A higher degree of automation can be accomplished by incorporation of tne control
box shown in Figures 6, 7, and 8. The control box contains "OFF, ' "ON, " '"UP, "
and "DOWN" pushbuttons. Microswitches are located on the machine struciure near
the upper and lower terminations of the vertical stabilizing column as shown in Figure
6. These microswitches are electrically connected to relays located within the con-
trol box. When the machine is placed in motion in either an upward or downward
di.rection, the microswitch and relay circuitry will automatically remove power from
the motor when the maximum allowable travel is attained. Therefore, when the
machine is placed in a coring mode, it can continue to operate without attention, and
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automatic shutdown will occur at the completion of the traverse. When the astronaut
is available for attending the machine, Le will cisengage the gear lever, depress the
"UP" button, and the machine will return to its starting position, and automatically
shut down in preparation for core removal.

The ammeter was employed in the breadboard coring device control box {o aid in
proper adjustr.ent of the vertical drive clutch which controls axial bit pressure. When
the coring operation is initiated, the correct axial pressure can easily be set by simul-
taneous adjustment of the slip clutch and monitoring of the ammeter for an optimum
current reading.

The complexity and weight of the control system can be reduced on the final model
coring device. The breadboard model control box weighs approximately five (5) pounds,
which is considered to be excessive in view of its limited function.

A detailed schematic for the ele. rical control system 18 shown in Figure 17.

Rotary Drive

The rotary drive power for the drill string is supplied by the basic 8650 rpm dc
motor, The motor rpm is reduced by a ratio of 32:1 through several gear reductions
as shown in Figures 9, 10, and 11, The final output horizontal gear rotates at approx-
imately 270 rpm, and transmits power to the vertical drill string drive (percussor
unit) through a 1:1 bevel gear and spline as shown in Figures 12 and 13,

Vert.cal Traverse Drive

The vertical traverse drive power is also supplied by the basic 8650 rpm dc motor. !
The motor rpm is reduced by a ratio of 5519:1 through a system of standard gears and
worm gears as shown in Figures 9, 10, and 11. The final output shaft (Figure 12) ro- l'“
tat..s at approximately 1.6 rpm., Power is transmitted from the output shaft to the !
output gear through an adjustable friction clutch which is ""pinned" to the outer gear.
An Allen-type screw adjustment tighktens the clutch and allows it to ""grip" the rotating -
ouatput shaft. The output gear engages the geared vertical traversing column which ;
allows the integrated motor and gear box assembly to travel up or down with a con~ =
trollable pressure. The clutch can be adjusted to provide a range of axial drill string
pressures varying from 0 to approximately 100 pounds.

Percussion Mechanism N -

Percussive impact energy is supplied to the drill string by a ratchet-type cam and
spring mechanism, The percussion mechanism consists of a rotating percussor unit .
(Figure 13) which is spline driven by the hevel output gear (Figure 12), The percussor 5
unit consists of a 6-lobe, 1/4-inch rise ratchet cam and spring (K = 100 lb/in) which is '

+  preloaded to approximately 50 pounds. When the percussor unit is properly emplaced

in the percussor housing (Figure 7), the "fixed' ratchet cam (Figure 8) engages the -
rotating ratchet cam (Figure 13), With the percussion housing restrainer top (Figure g
14) emplaced, rotation of the percussor unit nauses the 6-lobe cams to rise, compress
the spring, and fall six times for each revc! ion of the drill string. For a 270 rpm

20
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Figure 9. Gear Box - Left Profile
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Figure 11, Gear Box - Top View

«ein

. g -
P buf&f : . . ‘
Sl

° S e ey e R
) e ¥ i‘ . \\ i'ﬂ;? " ,.”z.,:u N ”

¥ >
i

Figure 12, Rotary and Vertical Traverse Drives

23

TSP v W ST 2 SRR o




ER 13952

g B T ot v BRI

R T

v RN
%
b ]
A,
WX
¥ .
§ .
- ]
N .
o F
P
‘
N
.
Y
o
-

Figure 13. Percussor Unit

4

Figure 14. Percussor Housing Retainer Top & Bottom Plates



ER 1396Z

)

Figure 15. Asser- bled Drill String

P

. . Y ST % a4

ot

el e e =

T .

RN,
R At ﬁﬁwg

Figure 18, Drill String Componeats

26

AT WY



3

ER 13952

drill string rotational speed, the percussive impact frequency is 1€20 bpm. The per-
cuseive energy per blow is approximately 16 inch-pounds. This energy levei was found
to be optimum for medium-hard materials such as vesicular basalt and marble with

the standavrd core bits employed with the breadboard coring device.

e sy s e e Yo m b e e

Drill String - Core Bit, Core Barrel, and Extension Tubes

The drill string assembly for the breadboard model lunar coring device (Figures
15 and 16) consists of the rotary-percussion tungsten-carbide core bit, core barrel
and six core barrel extension tubes, The core barrel, (or upper extension tube) is
coupled to the lower portion of the percussor unit, which, in turn, is driven by the
T basic machine.

o aam a0sn b

Most of the tungsten-carbide, rotary percussion core Lits used during this program
were maodifications of a standard (6" iength x 1.5" diameter) commerc:al bit manufac-
tured by Pratt a.d Witney Tool Company. The scope of the program was not sufficient
to jus: Uy a percussion bit optimization study, which would be desirable during e next
phase of the program. The Pratt and Witsey bits were modified by: 1) Reducing the
overall length to two inches, 2) cutting an inside taper for the core catcher bushing,
and 3) cutting a thread to facilitate coupling to the core barrel. The core bits, with
2u 1.D. of one inch and O.D. of 1.5 inches (0.25-inch cutting kerf) consist of seven
carbide cutters brazed to the steel case. A dust transport spiral rising behind each
carbide cutter is machined into the steel case. These seven spirals aiign properly
with the corresponding spirais on the core barrel when the two componenis are pro-

perly coupled.

The core extractor consists of a split, tapered bushing which is emplaced into the
mating, tavered portion of the core bit. As the drill string is retracted, the core ex-
tractor is forced down into the narrow portion of the core bit taper, thus forcing the
H extractor to "clamp" the rock core. Further retraction of the drill string causes the

R
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. rock core to fracture at the drill face, and the entrapped core within the core barrel
) can be brought to the surface.

The core barrel is constructed from a 18 1/4-inch steel tube with threads at each
end to facilitate coupling to the core bit and extension tube. Accumulation of rock
core within the barrel is currently limited to approximately 17.5 inches due to the
threaded coupling inserts.

The core barrel was initially constructed from steel, although subsequent coring
tests have indicated that percussive energy losses in an aluminum core bajrel are not
excessive. Subsequent cering device models should incorporate an alumihum core
barrel. ’

The six ccre barrei extension tubes are constructed from 16 1/2-inch aluminum
tubing with threaded steel ingerts mounted in each end to facilitate coupling. The tubes
are finished with the Martin hardcoat {(aluminum oxide) process, which reduces surface
abrasion, "down-the-hole" side wall friction, and coring dust adhesion.

An early version of the coring device incorporated six inner steel percussion rods
- to transmit the percussion energy airectly from the percussor hammer to the top of
the steel core harrel. Subsequent field testing of the machine revealed that the alum-
i inum extensio. tubes were sufficient to transmit the percussion energy, and the inner
steel percussion rods were eliminated from the system.
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Coring Dust Transport System

Coring duvst removal from the bottomn of the drill hole to the surface is accomp-
lished by means of mechanical spirals machined into the periphery of the core bit,
core barrel, and core barrel extension tubes. When the elements of the drill string
are properly coupled, tke seven spirzls, originating behind the seven carbide cutters
on the face of the core bit, provide continuous transport of the dust from the bottom
to the top of the drill string. Each spiral has a lead of 2 5/8 inches, a groove depth
of 1/32-inch, and width of 3/16-inch. A combination of drill string rotation, and
vibration (from percussor) aids in causing the finely-ground coring dust to move up-
ward along the spirals until deposited at the surface. Further optimization of the
extension tube spiral geometry may he desircble in order to increase cutting removal
efficiency and reduce weight.

The breadboard model test program revealed that the mechanical spiral was suffi-
cient to transport the dry coring dust from the bit face to the surface without the use
of gageous or liquid flushing agents which are employed in most commercial drilling
rigs. However, subsequent drilling tests in an extremely high vacuum (10~10 mm Hg)
may reveal the need for gaseovs lubrication to reduce friction and dust adhesion to the
core barrel and tube extensions.

Electric Motor Prime Mover

The electric motor, which was designed specifically for the lunar rock coring de-
vice, is a direct current, permanent-magnet, mechanically commutated machine. A
permanent-magnet motor was chosen in lieu of a shunt or series field in order to in-
crease power operating efficiency and reduce weight. The motor has a nominal oper-
ating output of approximately 373 watts (0.5 horsepower), a no-load rotational speed
of 8500 rpm, and a maximum operating efficiency of 74%. Optimum voltage operation
was get at 24 V dc in order to conform with the LEM power source voltage variations
within the range of 20-32 V dc. Motor per formance characteristics (Torque vs.
Output Power, Input Current, RPM, aad Efficiency) are illustrated in Appendix I.

A cylindrical, non-hermetically sealed housing was designed for the basic motor
as shown in Figures 5, 7, 8, and 9. The permanent field magnets are composed of
two segments diametrically opposed, having an inside radius of 1.1 inches, an outside
radius of 1.5 inches, and an axial length of 1.5 inches. Stackpole Carbon Company
ceramagnet A-$ is used as a magnet material. Armature laminations consist of M-19
transformer grade steel which possess very low electrical and magnetic losses. The
32-bar commutator is constructed from zirconium copper capable of operation at
extremely high temperatures. The armature is wound with 17-gage copper wire,
with 4 turns per coil, and two coils per slot., High temperature glass cloth insulation
18 used throughout the motor armature.

Environmental Control System
A thermal analysis was conducted (Appendix G) to determine the effects of opera-~
ting the lunar coring device motor at rated load in a vacuum. A nominal operating

current of 20 amperes, and a total heat dissipation (be.ring friction, ‘copper losses,
etc.) of 135 watts was used for the analysis., Maximun allowable operating tempera-
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ture of the motor armature using state-of-the-art insulation and brushes is approxi-
] mately 205° C. Preliminary conclusions obtained from the thermal analysis are as
follows:

1) The heat storage capacity of the motor is insufficient to maintain the
assumed maximum allowable operating temperature. The 205° C
temperature would be attained withir 0.33 hours of continuous 20-

- ampere operation.

2) If a reasonable case temperature {105° C) is asswiaed for the preliminary
analysis which can easily be maintained by an evaporative cooling system,
the motor armature temperature would still exceed the maximum assumed

] allowable temperature of 205° C ir a vacuum, In order to maintain an

'
==

armature temperature of 205° C while depending on radiation only for
“ armature-to-case heat transfer, the case temperature must theoreticaliy
be maintained below absolute zero. This, of course, ig impossible.

3) The only practical technique for obtaining adequate armature-to-case heat
transfer is by convection through a nitrogen pressurized case. The

J analysis indicated that the 205© C armature temperature could be maintained

if the motor housing is nitrogen pressurized, and the motor case 18 main-

| . tained at approximately 39° C by water boil-off at 0.46 psia.
. A preliminary environmertal control system was analytically designed using the
- nitrogen pressurized motor and evaporative cooling technique as shown in Appendix
i G, Nitrogen leakage rates through the rotating motor shaft seal were included in the
i analysis, and corresponding allowances were made for ritrogen replenishment. The

analy 3is revealed that 3.52 pounds of water or ethylene glycol would be required for
the 2400 watt-hour drilling mission. The environmental control system consists of
the following major items:

e

1) Ny Pressurization System - Tank, pressure transducer, pressure xegulator,
and plumbing

4
R

s

2) Cooling System - Water jacket, wicking, pressure relief valve, plumbing,
and insulation

po—-
(.

3) Expendables - Wacer (or ethylene g.ycol) and nitrogen.

Cad

The total weight of the environmental control system, including expendables, was
estimated at 8.86 pounds, .

Power Cable

The 160-foot power cable recommended for the lunar coring device consists of a
double AWG No. 6 aluminum conductor with lightweight insulation, Total weight of
the cable, including conductor, insulation, and connectors is estimated to be 7.0
pounds, The aluminum was selected for a conductor material because its resistance
per pound is significantly less than copper.

sy |  m— [ ——— [onie |
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A thermal analysis was performed to determine the cable operating temperature
in the lunar environment. A typical current profile (Appendix H) was selected for
the analysis which was based on penetration rate-powesr consumption data obtained
during the field tests of the lunar coring device.

Two possible cable insulation modeis were considered for the analysis: a) A
white insulation (¢ = 0.4, € = 0.8) and b) an aluminized tape wrapped cable
{ &=0.147, € = 0.58), The theoretical maximum temperatures which these
cable models would experience are 92° C and 84.5° C respectively. These temper-
atures are well within the maximum allowable for 2luminum,

Anchoring Technique

As previously described, the lunar rock coring device was designed to operate at
a nominal axial bit pressure of approximately 30 to 40 pounds, A minimum weight
of 240 earth pounds would be required to reatrain this pressure in the 1/6-G lunar
environment. Therefore, unless lunar surface materials could be used as ballast,
the weight of the basic coring device is insufficient to provide the necessary restraint
for the coring operation.

The technique selected for securing the breadboard model lunar coring device to
a rock outcrop is the employment of an expansion-type rock ancior. A Phillips Drill
Company commercial (Type JS-14M) 1/4-inch diameter, 2 1/4-inch long expansion
anchor was successfully employed during the evaluation tests of the breadhoard model
coring device. This type of anchor is threaded on one end (Figures 5 and 18) and
split-hollowed on the opposite end. A tapered stud is inserted into the hollow end of
the anchor, and the entire anchor and stud assembly emplaced in a predrilled hole
1/4~inch in diameter and 1 3/8-inch deep in the rock face. The anchor is expanded
by applying several light blows with a hammer which causes the tapered stud to "spread"
the split-hollow end (below rock surface) of the anchor. Pull-out tests of this type
anchor in solid basalt revealed that 400 pounds of restraining force can be attained
with a properly emplaced anchor,

Pre-drilling of the anchor holes in the rock outcrop is accomplished by use of the
coring device drilling adapter shown in Figure 16, The lunar coring device is hand-
restrained during this process. Three anchors are currently employed for restraining
the device. After emplacement of the three anchors, the coring device is manunally
placed on the anchor bolts, and restraining nuts employed to lock the machine to the
rock outcrop. Three leveling bolts are also incorporated on the base of the machine
to corapensate for roughness of the rock face, and any tendencies for the machine to
be unstable.

Although the previously described anchoring technique proved to be satisfactory
for the breadboard model coring device, the additional weight, and operator time re-
quired for use of the drill chuck attachment is not particularly desirable for the flight
model. In addition, the lunar surface model may consist of an unconsolidated over-
burden which would preclude use of the standard rock-type anchor. Therefore, in
order to provide an anchoring capability for a variety of drilling sonditions, a minimum
of two distinet types of anchors will be required.
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Figure 18.A illustrates a hard rock anchor similar in principle to the 1/4-inch
diameter Phillips anchor employed with the breadboard coring device. The recom-
merded tubular anchor would be emplaced in hoies (approximately 1 1/2-inches diam-
eter) which were predrilled with the core bit, thus eliminating the requirement for a
special chuck and drill. Expansion of the anchors could be accomplished with the
geological hammer or with the percussion capability of the coring device. The latter
technique would require that the basic coring device be removed from the vertical
traverse column and hand-held while expanding the anchors. Two anchors will be
sufficient to restrain the coring device. A slot, rather than a hole, is employed on
one side of the base plate in order to provide for minor misalignments during anchor
emplacement.

Figure 18.B illustrates an overburden anchor for emplacement in soft pumice,
unwelded tuff, or unconsolidated rubble. The anchors are emplaced at an angle of
approximately 30 degrees relative to the load axis of the coring device. In this man-
ner, the anchors are restrained by both compressive and frictional forces of the over-
burden, rather than pure friction of a 0-degree emplacement angle. The anchors are
approximately 12 inches ir length, with provisions for locking to the coring device base
plate at any interval aiong th- anchor. Either of the two techniques previously recom-~
mended for expanding the hard rock anchor would also be used for driving the over-
burden anchors.

The flight model coring device should also be provided with the necessary hardware
for anchoring and drilling from one of the LEM landing pads in the event that the imme-
diate lunar surface is not svitable for emplacement of either the hard rock or over-
burden anchors.

Core Orientation

Lateral (North-South) core orientation can be more easily attained with large com-
mercial drilling rigs because 1) the larger diameter core samples will not easily shear
(and rotate) prior to core pulling, and 2) the employment of a double core barrel (with
inner barrel non-rotating with respect to core) reduces the shear forces applied by the
drill to the core sampie. Therefore, if the core has not rotated prior to pulling, the
lateral orientation can be maintained by ''straight-up' pulling of the core and marking
with respect to north-south orientation.

The power limitations of the lunar rock coring device will not permit the use of
wide diameter core bits, or core bits with wide kerfs sufficient to maintain clearance
for a double core barrel system. Therefore, it is very probable that the core samples
obtained by the lunar coring dévice will shear and rotate within the core barrel prior
to retrieval, thus losing a laterai orientation reference. One possible solution to this
problem would be to scribe an orientation reference mark with an aluminum pencil or dia-
mond on the rock face to be cored prior to coring, and reconstructing the entire core
sample relative to the scribe mark after return to earth. - A second alternative would
be to scribe the rock using "down-the-Lole' tools prior to coring at various cepth inter-
vals of interest. This technique will be described in greater detail in a later section
of this report.
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Vertical orientation of the core sample can be obtained by means of a clinometer
to measure the inclination angle of the drill string. An azimuth measuring device
would be required to determine the direction of the clinometer-measured core inclina-
tion. A vertical history of the core sections can be attained by packaging the core
segments in pre-numbered sample bags while describing the operation for permanent
recording by the communication system.

CORING DEVICE TEST PROGRAM
Rock Penetration Rate Tests

Rock penetration rate tests of both the early diamond rotary bits and final rotary
percussion breadboard coring device were conducted in a variety of rock samples.

‘Figure 19 illusirates the rock samples which were used for the limited depth penetra-

tion rate tests. Field evaluation tests of the coring device to greater depths were
conducted in local marble quarries.

Brief geclogical descriptions of the rock samples, with accompanying photomicro-
graphs taken from thin section samples are presented below.

Basait (Figure 20)- Dark gray, dense, fine grained, sub-conchoidal fracture.
Holocrystalline, intergranular, laths of labradorite (88%), augite (9%), magne-
tite (3%), some slight tendency toward parallel orientation of the labradorite
crystals, no vesicles. Bend, Oregon.

Vesicular Basalt No. 1 (Figure 21) - Medium gray, medium grained, uneven
fracture, equidimensional vesicles up to 2 mm (10-15%). Holocrystaliine, inter-
granular, plagioclase (65-70%), augite and pigeorite (15%), magnetite (2%).

Bend, Oregon.

Vesicular Basalt No, 2 (Figure 22) - Medium gray, medium grained (coarser than
vesicular basalt no. 1), uneven fracture, equidimensional to highly elongate vesicles
up to 20 mm (10-15%). Intergranular, labradorite (50%), augi‘e and pigeonite (35%),
magnetite (1%), intersitial glass and glass lining vesicles (2%). Bend, Oregon.

Pumice (Figure 23) - Light to dark gray, pumaceous and scoriaceous volcanic
glass. Vesicles (60%), elongate to highly elongate up to 15 mm, but mostly 4

to 8 mm. 8iO, (7 5%). Tiny microlites of feldspar and magnetive. Mono Craters,
California,

Obsidian (Figure 24) - Volc....c glass, dense, conchoidal fracture, flow banded,
containing numerous microlites of feldspar and magnetite., Newberry flow,
Bend, Oregon.

Granite Biotite Gneiss (Figure 25) - Light grayto pinkish, dense, medium to
coarse grained, poorly developed gneissic texture, Biotite (6%), musconite
(2%), pink K-feldspar (30%), white plagioclase (30%), quartz (30%), magnetite
(1%). Baltimore County, Maryland.
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Biotite Schist (Figure 26) - Medium gray, hard, good schistose texture. Biotite
(35%), quartz (35%), pink K-feldspar (15%), plagioclase (10%), apatite ( 1%),
magnetite ( 1%). Biotite contains particle emitters surrounded by pleochroic
halos, zircon. Baltimore County, Maryland.

Marble (Figure 27) - White to cream colored, 100% calcite, grain size 1/4 to 1/2
mm, granoblastic. Many of the c.lcite grains are polysynthetically twinned
which may have resulted from the drilling or blasting in the quarry.

Numerous rock penetration rate tests were peiformed during the final two mon 18
of the program. Most of these tests were necessarily oriented toward identification of
problem areas with the basic coring device, rather than optimization of coring pene-
tration rates., Several design changes were performed during this period as a result

of the problems encountered during final testing of the breadboard model coring device,
These problems and modifications included:

1) Motor - Partial demagnetization of the permanc..! magnets occurred during
one of the penetration rate tests as a result of excessive current flow during
a stall condition. The motor was redesigned with larger permanent magnets.
Mo further de~magnetization problems were encountered.

2) Tungsten-Carbide Rotary Percussion "its ~ The initial carbide bits were
fabricated as an integral part of the core barrel. Complete replacement
of the core barrel was required after the carbide cutters dulled sufficiently
to orevent satisfactory rock penetration. This problem was corrected by
redesign of the core barrel and bits so that the core bit can be unscrewed
from the core barrel when replacement is required.

Although the wear characteristics of the carbide bits for "dry" coring are
much better than the rotary diamonds, occassional replacements will prob-
ably be required during a lunar mission if hard rock materials similar to
the solid basalt are encountered, Significant dulling of the present-type
carbide bits occurred after drilling 20 inches in the solid basalt or granite
biotite gneiss. However, the core bit would probahly drill the complete

ten feet in a material similar to the vesicular basalts without replacement
of the core bit.

Optimization of the tungsten-carbide bits may improve the wear—out charac-
teristics, With the low levels of power and percussive energy available for
the lunar coring device, it is highly desirable that a sharp edge be maintained
on the carbide cutters in order to assure maximum penetration rates. If
further improvements are not possible, replacement of the bit after each
20-inch section of drilling would be recommended for the lunar missior in
order to insure maxiraum penetration rates with the limited available power.

3) Core Retainer ~ An improved core retainer (breaker) was designed as a
result of deficiencies in the early model. 7This was accomplished by in-
creasing the taper in the core bit to facilitate a tighter grip on the core by
the retainer bushing during retraction.

4) Traversing Drive Output Shaft - A heavier auty shaft was incorporated
due to shearing of the original shaft during a coring test.

36
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Figure 19 Feasibility Test Rock Samples
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5) Gear Box - A gear change was incorporated to facilitate forward (normal)
rotation of the dril! string simultaneously with reverse traversing (for core
retraction) of the motor. The initial design did not possess this capability.
The penetration rate tests clearly demonstrated that the drill string would
tend to jam in the hole while retracting without rotation.

The final evaluation tests of the breachoard model coring device resulted in the
representative penetration rates listed below., These rates were extrapolated from
the results of drilling tests conducted to a maximum depth of 18 inches ir the test
samples shown in Figure 19, Coring tests conducted to a depth of ten feet were per-
formed only in marble as described in the next section of this report.

Solid Basalt - 1.5 feet per hour

Vesicular Basalt No, 1 -~ 5 feet per hour

Vesicular Basalt No, 2 - 8 feet per hour

Granite Biotite Gneiss -~ 2 feet per hour

Obsidian - Relatively high rate, but core tends to
fracture and rock anchors pulled out.

Pumice - Core pulverized and hard rock anchors

were unsatisfactory

The drilling tests clearly demonstrated that a variable energy percussive blow is
required in order to satisfactorily core a wide range of material hardnesses. Pure
rotary drilling of the pumice with the rotary percussion bit will sometimes result in
a consolidated core. However, a thin-wall diamond bit with pure rotary drilling ,
would probably be optimum for cbtaining consolidated cores from the pumice. "

The present breadboard coring device is optimized for drilling medium~hard
materials such as the vesicular basalt and marble. Although satisfactory penetra- |
tion rates were attained in the hardest basalt sample, it was evident that excessive }
heat generation and "bit dragging' was occurring as a result of insufficient percussive
energy for satisfactory penetration, When the coring penetration rate and percussive
energy blows are optimized, the heat generated by the tungsten-carbide bit is much less
than with the rotary diamond bits. Therefcre, it is recommended that future modsls of )
the lunar coring device incorporate a variable energy percussive blow mechanism in )
order to satisfactorily core the wide range of materials ¢xpected on the lvnar surface. !

Ten-Foot Coring Tests ]

The size of available samples of basalt, obsidian, and pumice limited penetration
rate testing of the breadboard coring device to depths of 18 inches. Evaluation tests N
to 10-foot depths were conducted in two local marble quarries, Although the limited
time prevented testing to depths of 10 feet in a variety of materials, the marble tests
were satisfactory for evaluating two important parameters: 1) the ability of the seven
helices machined into the bit, core barrel, and extension tubes to transport coring dust
from a deptt of ten feet to the surface, and 2) no apparent loss of percussive energy
and reduction in penetrztion rate as a result of percussing through ten feet of aluminum
drill string with nine mechanical (threaded) couplings.
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The first series of tests were conducted in the Beaver Dam Quarry located in
Baltimore County, Marylaad. Figures 28, 29, and 30 illustrate various phases of
the operation. All of the tests were conducted without the use of a gas for bit cooling

and dust removal. Pcwer was supplied by four 6~volt, 120-ampere hour automobile
batteries.

A maximum coring depth of 6 feet was attained at the Beaver Dam Quarry. At
this depth, moisture was encountered which caused the (wet) coring dust te pack
around the core bit and Jam the drill string. Until the moisture condition was encoun-
tered at the 6-foot level, the mechanical helix proved to be effective for transporting
the coring dust to the surface. Penetration rates averaging 4.5 feet per hour were
attained ot operating current and voltage levels of 23-28 amperes and 24 volts respec~
tively. This penetration rate and power consumption was comparable to that attained
in the vesicular basalt. Consolidated core samples 8ix to twelve inches long were
obtained from both materials,

wind

The remainder of thz 10-foot coring tests were conducted at Campbell's marble
quarry in Texas, Maryland. Rock outcrops exceeding ten feet in depth were available
for the tests. However, this particular rock did not core as well as the Beaver Dam
marble. Average cores varied in length from 1/4 to 4 inches. The equipment and
set-up was similar to that shown in Figures 28, 29, and 30.

Successful coring to a depth of ten feet was attained at the Campbell quarry. The
dust transport system (helix) was completely effective down to the ten-foot level. Al-
though the penetration rate was somewhat s!ower (average 2.5 feet per hour @ 23-28
. amps) at the Campbell quarrv, the penetration rate remained relatively constant
throughout the entire ten feet of drilling. However, the penetration rate was found

*1 to be very dependent upon the co..dition (sharpness of carbide cutters) of the coring

. bit. A very slight dulling o. the bit in some instances resulted in a 30-50 percent
decrease in penetration rate. Replacement of the bit resulted in a resumption of the
2.5 feet per hour penetration rate.

T
[ ~—=b S s QR -

Another i-aportant factor which can affect the penetration rate of the coring de-
vice is alignment of the drill string with respect to the core hole. During the coring
of the ten-foot hole it was found that slight movements (shift of pc sition) of the coring
device on the rock anchors can result in relatively high side~loading of the drill string
at the bottom of the hole, This, in turn, results in excessive power consumption with
a corregponding decrease in penetration rate.

== S =S

The basic coring device also possesses a slight misalignme. © problem which
tended to reduce penetration rate at the extreme lower portion ¢t the vertical traverse.
When the integrated motor and gear box assembly is at the top of its vertical traverse,
the vertical traverse and support columns will flex somewhat as a result of the torque
and axial thrust loading during the coring process. As the n tor and gear assembly
moves to the lower portion of travel where the vertical traverse and support columns
arc mechanically attached to the base plate, the resultant flexing is substantialiy re-
duced. This results in the coring of a slightly oversize (and perhaps slightly mis~
aligned) hole when the motor and gear assembly is at the top of its travel. As the
motor anc gear assembly moves down the vertical traverse column, the drill string
approaches a "true aligned" condition which, in turn, results in some side loading in
the upper portiou of the hole section. This characteristic of the coring device re-
sulted in fuster penetration rates during the first several inches of travel as compared
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Figure 29. Coring Device and Accessories

Figure 20, Drilling Rock Anchor Hole
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to the final several inches, and was always apparent regardless of drilling depth. Thise
undesirable characteristic can he eliminated on future models by a slight structural de-
sign change, possibly by lightening vertical drive assembly columns so that the driil
will be "self-aligning."

Extended Depth Coring Tests

In order to further evaluate the coring depth capability of the lunar coring device,
an additional ten feet cf core barrel extension tubes were fabricated. The primary
purpose of the extended depth coring tests was to determine if a significant decrease
in penetration rate would occur as a result of percussive energy losses over a 20-foot
drill string.

Several penetration tests were conducted at the Campbell quarry on the same rock
outcrop where the successful ten-foot coring test had previously been performed.
However, the maximum depth obtained with the additional equipmeni was twelve feet.
At this depth, the coriny bit encountered moisture (probably a subsurface joint plane)
which resu'ted in blocksgo of the dust transport system and subsequent jamming of the
entire drill string. The woist drill cuttings would enter the cust transport spirals
bekind each carbide cutter and completely nlock the spiral grooves, As coring con-
tinued, the moist cuttinge accwrulated in the bottom of the hole and the maximum
torque capability of the motor was rapidly exceeded. Fach time the core bit jarnmed,
the drill string was manually removea from the drill holes, and the dust transport
spirals cleaned in preparation for a new a‘tempt. The drill system was incapable
of coring past the joint plane and the tests werse terminated. Other diilling locations,
both on the same rock outcrop and at other aveas within the quarry were test drilled,
but joint nlanes encountered at varying depths precluded coring to dspths greater than
twelve fec .,

From the extended depth coring tests, it can be coucluded that the mechanical cor-
ing dust transport system i$ inefiective for the lunar coring device if moisture is en-
countered. A gaseous or liquid flushing agent would probably be required to remove
the subsurface cuttings ané prevent drill string Jamming, However, since subsurface
moisture is not probable within the upper ten feet of the lunar surface, no turther in-
vestigation of this problem is warranted.

During the final field tests of the lunar coring device, a new technique for coring
dust removal was investigated. I'wo 1/8-inch diameter holes were drilled j 1 each of
the seven grooves of the dust transport spiral in the tcp of the extension tube located
immedirtely above the core barrel in the drill string, The purpose of this modification
was to determine if the coring dust would rise upward on the transport spirals to the
level of the collection holes, and drop into the hollow center of the extzzsion tthe. A
partitioning plug was inserted between the core barrel and extension tube to prevent
the coring dust from gettling down between the core barrel innexr wall and rock core.

The coring tests revealed that the subsurface dust storage technique is feasible.
The fourteen dust entry ioles {2 holes in each of the 7 spirals) which were drilled in
the extension tubes resulted in the collection of approximately 50% of the total generated
coring dust. The remaining 50% of the coring dust bypassed the entry holes and was
transported to the surface iu the usual manner.
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Although time limitations prohibited a thorough evaluation of the subsurface dust
storage technique, it is apparent that further optimization could result in collection of

100% of the generated cuttings.

This technique may prove to be of value fo. deeper

drilling missions where mechanical transport of the bit cuttings to the surfac. is im~
practical.

Spacesuit Interface Tests

A series of man/ mactine interface tests was conducted to evaluate the ability of a
spiceouiced subject to operate the breadboard model lunar coring device., The tests
were conducted using the International Latex Corporation (AX-IL-012) state-cf-the-art

spacesuit,

Tasks such as controls operation, assembly and disassembly of drill string

components, and assembly of the percussion mechanism were studied. The major
problem encountered was the difficulty in bending o.* stooping to the level required for
handling of the core barrel and extensions.
porated to alleviate these difficulties, bul the major problem vesults from the 30-inch
limitation for the height of the coring device,

Some design impvrovements can bie incor-

Specific problem areas which were identified during the interface tests are listed

below.

1)

2)

Percussor Housing - The driil string feed-through technique which requires
removal of the percussor housing top each time the drill string is pulled from
the core hole is somewhat difficult to accomplish in the spacesuit. In addition,
the percussor Lousing is subject to the entry of dust when its top is removed.
An alternative to this technique is to design the vertical traverse and support
columns so that the integrated motor and gear housing can be manually rotated
(repositioned) ~way from the axis of the drill string to facilitate manual pulling
of the drill string when required.
uncoupling the drill string from the bottom side of the integrated motor and
gear housing assembly. This also
cause the astronaut cannot see the top of the core barrel whern coupling to the

percussor.,

However, this would involve covpling and

is difficult to accomplish (Figire 31) be-

The human factors problems in this area may be somewhat alleviated with the
latest state-of-the-art Apollo spacesuit. Subsequent design decisions in this
area should be predicated on the capabilities of the latest spacesuit configura~
tion in order to avoid possible overdesign for the human factors problems.

Accessories Storage - Provisions should be incorporated for temporarily
storing the accessory equipment (extension tubes, core bitr, etc.) at a con-
venient wurking level to the astronaut on the basic coring device.

Uncoupling of Drill String Components - The threaded couplings used to mech-
anically join the core bit, core barrel, and tube extensions are often difficult

to separate after a coring operation. The only reliable manual technique for
separating the coupled joints requires the use of a spanner-type wrench and

If this technique is employed, provisions should be incorpor-
ate.. ror clamping (vice gripping) one section of the drill string while the other
is uncoupled by use of the spanner wrench and small hammer. A small clamp~
ing mechanism could probably be incorporated on the top of the coring device

sma'!’ .2mmer,
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structure for holding the drill string during uncoupling. A Jow speed power
drive could also be incorporated to perform the uncoupling task with a corres-
ponding increase in machine complexity.

4) Anchor Emplacement -~ The emplacement of hard rock-type anchors is diffi-
cult if the base of the coring device is locaied at the standing surface level of
the astronaut. A long tubular tool for manipulating and expanding the rock

anchors from a stand-up astronaut position could be designed to accomplish
this task,

5) Control Button Operation - Operation of the coring deyice with the spacesuit
revealed that the "up," "down," 'on, ' and "off'"" pushbutton corirol switches
should be somewhat larger in order to ensure proper engagement by the
astronaut.

High Vacuum Motor Operation

An informal vacuum test of the coring device motor was conducted for the purpose
of identifying proniem areas which may be encountered on subsequent fljght models.
Tha test was conducted at a vacuum level varying from 2.0 to 7.0 x 10™° mm Hg.
Specific areas of irterest included brush wear and bearing lubrication at low ambient
pressures. The breadboard model coring device motor does not include the environ-
mental cortrol system hardware (Appendix Gj, and therefore, a full-load operational
test could not be conducted.

The equipment set-up for the vacuum test is illustiated in Figure 32. A test
fixture was provided for mounting the motor and electr-odynamic loading device.
Thermocouples were employed to measure the temperature at the following locations:
1) motor case near output shaft, 2) motor case midway between the end caps, 3) vac-
uum chamber wall, and 4) vacuum chamber ambis uit. The test was conducted for a
period of 165 minutes with the motor operating at a no~load current level of 1.6 ampere...
Although the motor does not include the environmental control systcm, the test was ini-
tially plannad for full-load motos operation with intermittent duty cycle. However, a
mechanical failure of the electrodynamic loading device (test equipment) and lack of time
prevented the performance of a full-load motor test in the vacuum.

Table 1 prcsents a running time history of the test with accompanying motor case
temperature rises,

As shown in Table 1, the maximum motor case temperature (near output shaft) in-
creased rapidly during the first two hours of operation, and then began to stabilize at
approximately 245° F, This temperature would Linve exceeded the maximum allowable

for the motor components if a continuous duty cycle,- full-load operation test had been
conducted.

Subsequent examination of the motor revealed that less than 0.010 inches of brush
wear had oceurred during the vacuum teat. Negligible evaporation of the General Xlec-
tric F-50 bearing lubrication oil occurred as a result of the low presrure operation,
Satisfacthry operation of the coring device eleciric motor in the lunar vavuum can b~
asg' 1 if the environmental control system recommended in Aprendiy. G i8 incorpo.ated,
whic.. will include pressurization of the motor case to a level greater !i:-: that experi-
enced during the informal test.
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Figure 31,

Spacesuit Interface Tests

49

. P

PR iR a——————Y -




ER 13952

e

JOJOIN JO 389.], WNNOTA

v

7€ oan3ry

[P,

—

[T

=

80



tnsnd b el

v |

[ R

rend

W—

{

¥

, . ¢

- e g [N
[ SV -] e e |

[ Inwstansrand | S—

ER 13952

TABLE 1.

MOTOR TEMPERATURE RISES AT LOW AMBIENT PRESSURES

Time Volts Current 1 To 0T3 T4 Pressure
(Minutes) (Amps) °F oF F °F mm Hg x 10~
0 27.8 1.6 73 120 105 75 7.0
5 27.8 1.6 73 125 105 75 4.0
15 27.8 1.6 75 134 110 75 3.2
25 27.8 1.9 75 145 120 76 3.0
35 27.8 1.6 75 160 130 76 2.8
45 7.8 1.6 75 165 140 7 2.6
85 27.8 1.6 75 175 148 M 2.6
65 27.8 1.6 75 187 157 78 2.5
75 27.8 1.6 75 200 164 79 2.5
85 27.8 1.6 75 208 170 79 2.5
95 27.8 1.6 75 216 176 80 2.4
165 27.8 1.6 75 225 182 80 2.4
115 27.8 1.6 73 230 186 81 2.4
125 27.8 1.6 75 235 190 82 2.3
135 27.8 1.6 75 240 195 82 2.2
145 27.8 1.6 75 242 196 85 2,2
155 27.8 1.6 75 245 198 83 2.1
165 27.8 1.6 76 2486 199 83 2.0
NOTES: Ty = Vacuum Chamber Wall
Ty = Motor Case Near Output Shaft 3
T4 = Motor Case Midway Between End Caps <
T4 = Vacuum Chamber Ambient H
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CORING DEVICE OPERATINC PROCEDURES

The genera!l instructions for operating the coring device, and 2 proposed technique
for obtaining core orientation is presented below. It is to be noted that the instructions
pertain to the current breadboard medel coring device, and subsequent design improve-
ments may resuit in significant changes in operating instructions. Also, various assump-
tions will be made regarding equipment which will be required for complete and accurate
orientatio: of the core, hut which was not developed under thig confract. References
wili also be made to design features anticipated for a flight model coring device, but
which are not incorporated in the present breadboard model.

Site Selection

The first task required of the astronaut is seiection of the drilling site. The cri-
teris established for this study was predicated on the availability of coasolidated rock
within a reasonable radius of the LEM landing area., I a number of rock outcrops are
present, the astronaut will chocse the outcrop to be cored with the lunar coring device.
However, if a rock outcrop is not present, or if the lunar surface in the immediate
vicinity of the LEM landing area is not satisfactory for the emplacement of anchoring
devices, the flight model coring device will have mechanical restraints capable of
attaching direcrtly to the LEM landing gear. In this mode, the coring device will prob-
ably drill through the LEM landing pad into whatever material is available at that loca-
tion,

Transport to Coring Site

The luaar rock coring device is a completely integrated unit (¥'gure 31) requiring
very little assembly time. However, if stowage space in the LEM scientific equipment
bays is a problem, the device can be delivered to the lunar surface partially disassem-
bled. In a flight model configuration, accessory equipment such as ituhe extensions,
spare core bits, anchors, and other miscellaneous equipment will be clamped or re-
strained to the basic coring device. Therefore, only one trip will be required by the
astronaut to transport the coring device and accessories from the LEM scientific equip-
ment bay to the 3elected drilling site. It is also probable that the power cable, if not
greater thar 100 feet, can be carried and simultaneously layed along the surface as
the astronaut transports the coring device to the work site. The lunar weight of ths
coring device and power cable should be less than six pounds,

Emplacement of Coring Device
Emplacement of the coring device consists of locating the desired coring location
on the selected rock outerop, and installing the anchoring studs., This is u.ccomplished
in the following manner:

1) Connect power cable to coring device control box, Screw 1/4-inch drill to
§-inch adapter section. Screw adapter section to coring device output shaft.
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(NOTE: For field testing of breadboard mwodel, four 6-volt or two 12-volt
batteries connected in series should be utilized for a 24 V power source.
Attach red alligator clip of power cable to positive battery terminai and
black alligator clip to negative terminal.)

Select approcximate location for rear anchor stud. Align machine until
1/4~inch drill adapter is properly located over the spot where the rear
anchor is to be installed.

Place control iever in neutral position. Depress "down' and "on' buttons,
Allow drill to traverse down urtil 1/4-inch drill bit is approximately 1/2-
inch above rock surface. Depress "off" button.

Place control lever in "down-percussion' position. Mauually rotate spindle
cw and cew slightly as engaging pressure is applied to control lever.

CAUTION: Dovwn button must be depressed.

Depress "on' button, and restrain coring device until approximately 1 3/8
inches of rock has been penetrated. Depress ''off" button.

Place control lever in "up-percussion' position. Use engaging proceduse as
in step 4. Depress "up' and "on" buttons, and allow drill to traverse up until
drill bit is clear of rock surface. Depress "off' button.

Insert anchor stud in hole, and tap several times with 2 hammer until stud is
fully expanded. Lift machine and place rear anchor hole over stud, Screw
retaining nut several turns on anchor stud.

The drilling positions for the second and third anchors are determined by
rotating the ma<® _.e around the rear anchor as a center point, and "bore
sighting" the correct drilling spots. These drilling spots can be marked
by using the base plate of the coring device as a template, and scratching
the drilling iocation on the rock surface with a small sciewdriver.

Align machine and repeat items 3 through 5 for each of the two holes. Insert 5;'
two anchor studs through the base plate mounting holes into tke twc pre-drilied *
rock holes, and expand each anchor with severa. taps cf a hammer.

Screw retaining nuts on studs, an'! tighten all retaining nuts and leveling

serews until the coring device is firmly locked to the rock outerop. Un-
screw 1/4-inch drill adapter from output shaft.

Core Orientation

After the coring devicz has been szcurely anchored to the rock outercp, an orien~
tation reference mark must be inscribed cr the face of the rock to be cored, This
can be accomplished manually by using a diamond-tipped scriber or aiuminum pencil,
The marker can be properly referenced with respect to the coring device by the incor-
poratdon of two diametrically opposed guide slots milled into the base plate drill string
guide hole. Two additional alignment points will be required on the percussor housing
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which will also be aligned with the milled slots in the base plate., Thke azimuth estab-
lished by the alignment po'ats on the percussor housing can then be determined with
refercnce to the azimuth of the sample location from the LEM by use of a simple sur-
veying instrument which will be included in the geological tool kit. This, in turm,
establishes the azimuth of the reference mark inscribed on the rock face with the rock
chisel. The azimuth of the alignment points and sample location could also be recorded
relative to the LEM by use of the lunar surface camers.

Since the coring operation will probably result in shearing of the rock core at vari-
ous intervals, orientation of the entire core will require collection, and subsequent
reconstruction of all core segments upon return to earth.

Inscribing a reference mark with a diamond scribe will probably be limited to hard
rock materials such as basalt. Reference marks inscribed on softer materials such
as pumice and unwelded tuff would be esasily obscured during the coring process., A
possible approach tn this problem is to permanently embed a small metal reference indi~
cator in the material instead of depending cn an inscribed mark,

An alternative down-the-hole approach {o the previousiy described core crientation
tecknique (surface orientation with subsequent core reconstruction) would also provide
ap oriented core. Thic approach would require the coupling of a carbide chisel adapter
to the dr:ll string (in lieu of core bit) for scribing the rock to be cored at the bottom
of the drill hole. Alignment of the drill string from the subsuxface chisel to the sur-
veying orientation scribe on the percussor housing must be maintained in order to ob-
tain accurate orientation dsta of the subsurface rock to be cored. A minor .aodifica-
tion to the existing coring devize spindle can be incorporated which will permit percus-
sion (without rotation) of the drill string, and orientation marking of the subsuriace
rock with the chisel. This orientation technique may be more practical than the core
reconstruction technique, especially if an oriented core from a relatively deep depth
is required.

Vertical orientation of the core can be measured by use of a clinometer. Two

separate measurements (parallel and perpendicular to alignment points) will establish
the vertical orientation of the core.

Coring Procedure

1) Place core retainer bushing in tungsten-carbide core bit. Screw core bit
to the core barrel, ensuring that Lelices on outer peripheries are aligned
when hand-tightened. Screw 5-inch adapter section lo other end of core
barrel.

2) DPlace coring device control lever to neutral position. Depress "up' and
"on' gwitches, and allow motor assembly fo traverse upward until auto-
matically stopped by microswitch operation,

3) Screw core barrel and adapter to output shaft of coring device.
4) Depress "down'' and "on" switches, and allow motor assembly to traverse

down until core bit is approximately 1/2~-inch from rock face (entering
drill string guide hole in base plate), Depress "off" switch,

pabid  Jed by At

K] e

fomcnd

'N! W e

1o ey

W vy,

» ——gT




Dv-.uvmi ‘ S |

BT M el s

L]

- AN

-

3)

6)

7)

8)
9)

ER 13952.

Place coring device control lever to "down percussion' position. Depress
"on" switch and monitor machine for one minute to ensure proper coring.
Adjust clutch for 20-22 ampere reading on meter if required. Note: Clutch
m 1st be tightened (increased axial pressure) to increase current reading,

and loosened tc decrease current reading., Current reading may intermit-
tentiy increase or decrease 1-4 amperes depending on rock material, Cur-
rent readings above 30-33 amperes generally indicatc excessive coring torque
which may be caused by drill string misalignment with the coring hole (move-
ment of coring device) or stoppage of coring debris transport to surface due
to "wet spots" in the rock. This condition, which usually will not occur

until the deeper depths are attained. can be corrected by pulling and cleaning
the drill string.

After a time interval of approximately 20-40 minutes has elapsed, coring

of the first section should be completed and machine will automatically stop
by actuation of the microswitch, Place control lever in neutral position and
depress "up' button, Motor assembly should traverse upward at the rate

of approximaately 11 inches per minute. Note: If an excessive pulling pres-
sure requirement is evident (clutch slipping without movement of motor
assembly), depress "off' button. Place control lever in 'up percussion”
position and depress "on' button, This will cause drill string to rotate and
percuss as the motcr assembly traverses upward, This, in turn, will break
the core z:d recuce side-wall friction as the drill string moves upward. h w-
ever, this 1 emedial action should be aveided if possible, because the percus-
sion action tends tc fracture the core and cause small fragments to dcop Into
the drill hole.

Coring device will automatically stop when motor assembly reaches the top
of its traverse. Depress "off"" button, Remove percussor heusing re-
strainer top and pull entire drill string and percussion agsembly upward
through percussor housing. Remove core bit from core barrel using
special tool if required. Tilt core barrel and remove core samples, Ra~
place core extractor bushing and screw core bit on the core barrel. Un-
couple co»e barrel at the 5-inch adapter section interface. Screw a core
barrel extension tube to core barrel, and screw 5-inch adapter section and
percussion assembly to core barrel extension tube. Guide drill string
through percussor housing, down into the core hole, and seat spline of per-
cussor into the mating drive spline of the coring device, Replace percussor
housing restrainer top.

Repeat items 4 through 7.

Items 4 through 7 are to be repeatca until complete ten feet of rock core is
attained. Each time the drill string length is to be increased, a core
barrel extension tube is added to the top side of the core barrel.
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LUNAR DRILL LCAD SIMULATOR

An amendment to the basic Lunar Coring Device Design Study Contract was nego-
tiated for the design, fabrication, and test of a Lunar Drill Load Simulator. This
equipment simulates the electrical load characteristics of the breadboard model cor~
ing device, and will be utilized for a series of pover system interface tests to be con-
ducted by the LEM spacecraft contractor. A detailed description of this special-
purpose equipment and tests which were performed prior to delivery are presented in
Appendix I,

CONCLUSIONS AND RECOMMENDATIONS

Study Results

As z result of the studies, laboratory feasibility teats, breadboard development
hardware, and field tests performed during this program, the following conclusions
are submitted.

1) Coring Technique ~ The rotary percussion coring technique using tungsten
carbide annular core bits best meets the requirements and restrictions for
the ten-foot lunar rock coring device. The rotary diamond coring technique
possesses many desirable characteristics, but coring of hard rock materials

cannot be accomplished unless excessive quantities of coolant gases are avail-

able for the coring mission. Other coring techniques were studied and re~
jected for failure to meet one or more of the lunar operating restrictions.

2) Breadboard Model Coring Device Capabilities ~ Development, testing, and
analytical studies demonstrated the tollowing capabilities:

a, The employment of a rotary-impact force with controlled axial thrust
from s ground level mechanism will successfully core medium~hard
consolidated rock {o a depth of at least twelve feet.

b. Dust Transport Sysiciu - A mechanical spiral machined in the outer
core barrel and extension tubes will successfully transport drilling
debris from the face of the cutting bit to the surface without the aid
of a gas flow system in the terrestrial environment. Small quantities
of gaseous lubrication may be required for the lunar surface applica-
tion to reduce the effects of increased dust friction and adhesion as a
result of the vacuum environment,

¢. Aluminum Extension Tubes ~ Percussion energy is not excessively
attenuated through the use of aluminum extension tubes for transmit~
ting energy from the surface level percussor to the subsurface core
bit. Field tests conducted in marble revealed that penetration rates
were relatively constant from the one-foot to ten~foot levels if proper
drill string alignment was maintained.
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d. Power Requirements - The ten~foot core hole can be cored in a medium-~
hard materijal within the 2400 watt-hours of power allotted to the lunar
drill.

e. Vacuum Operation ~ Incorporation of an open loop, evaporative water
cooling sys:.em with pressurized motor and gear case best meets the
vacuauwm op.ration requirements for the coring device. Gaseous lubri-
cation of the core bit can be accomplished if required by use of the
environmental control system exhaust.

3) Other Prime Mover Systems - Study of various prime mover systems appli-
cable for the lunar coring device has revealed that the dc electric motor
system will best meet the requirements.

4) Portable Power Supplies - An evaluatior of various portable, elcetric power

supplies applicable for the lunar coring device revealed that only the re-
cLargeable silver-zinc battery should be considered for this application.
The silver-zinc battery portable power supply becomes more practical
for use on LEM vehicles which employ the same primary power source
because the scientific equipment payload would not be penalized for the
portable power source,

Additional Stndy Recommendations

The current program resulted in the development oi a breadboard model coring
device capable of obtaining one-inch diameter cores from a variety of rock materials.
However, thelabcratory feasibility tests, and field evaluation tests delinedted various
other design areas which should be investigated prior to the development of the flight
model coring devices with integrated environmental ccontrol systems. This approach
would permit the additional optirmization to be periormed m the breadboard model thus
eliminating numerous modifications to the flight models.

Rotary Percussion Core Bit - The operaling efficiency (penetration rate, power
consumption, and quality of core samples) of the coring device is directly influenced
by the ro’*ary-percussion core bit, Although the performance of the modified standard
Pratt and Witney core bits was superior to the rotary diamond bits, there are thrvee
additional design areas which could be further optimized:

1) Cutting Kerf ~ The Pratt and Witney core bit possesses a 1/4~inch ker:
(1.5" 0.D, x 1,0" I.D,) wtich results in a cutting area of 0,981 in.”,
A 1/16~inch reduction of the kerf (1.£" O,D, x 1,125" I,D.) would result
in a cutting zrea of 0.773 in.~, and an approximate power consumption
reduction of 22% for the same penetration rate. In addition, the result-
ing increased core diameter (1.125'") would be more resistant to fracture,

The major problem encountcred while drilling with narrow kerf percussion
bits is loss of the carbide cutters due to a failure of the brazing material.
Therefore, additional study should he directed at improved brazing or
mechanical restraint techniques for maintaining core bit integrity.
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2) Tungsten Carbide Cutter Geometry - An optimization program directed at
improving the geometry of the tungsten carbide cutters for the lunar appli-
cation will result in improved coring efficiency.

3) Carbide Cutter Material - The efficiency of the core bit is dependent upon
the retention of a sharp cutting edge during the coring operation. Frequent
replacement of dull bits will result in & burden upon the astronaut's lunar
surface mission time and delivered payload weight. Thercfore, additicnal
optimization of carbide cutter material is justified.

Rotary and Rotary-Percussion Capabilit r - The breadboard model test program
revealed that the drill string can be more easily retracted from the drill hole while
rotating without percussion. In addition, coring in soft materials such as pumice
and tuff can be accomplished with greater ease using a pure roiary, rather than the
rotary-percussion action required for hard rock materials. Therefore, a design
improvement should be incorporated which will permit the astronaut to rapidly inter-
change the coring mode be.ween rotary and rcotary-percussion.

Variable Energy Impact Blow ~ The breadboard model test program revealed
the desirability of employing a variable energy impact blow to the core bit which is
adjustable to the hardness of the rock material. The hard, consolidated basalt re-
quires a heavier blow to ensure carbide penetration and reduce bit "dragging' effects.
The medium hard vesiculated basalt requires a medium energy blow to ensure satis-
factory pepetration without core fracture.

An optimization of impact frequency, ecarbide indexing and impact spring energy
is required in order to determine the range of variable energy adjustment which
should be incorporated.

Soft Rock Anchors - Further evaluation of soft rock anchors (for pumice, tuff,
etc.) should be conducted in view of the possibility that cunsolidated rock outcrops
may not be readily available on the lunar surface, In addition, the possibility of
using the LEM landing gear as a mechanical restraint fc~ the coring device should
be studied.

Vacuum Operation - High vacuum rock drilling tests should be conducted to

- study possible prcblem areas such as rock/core hit cold welding effects, increased

core dust friction, and adhesion of coring dust to the core bit and core barrel,
These tests should be conducted in one of the large NASA facilities which possess
sufficient pumping capabilities to handle the outgassing load. If gas lubrication
appears mandetory for vacuum coring, additional study of an integrated gas system
should be conducted. Two poasible solutions for a gas requirement are: 1) utiliza~-
tion of exhaust steam from the evaporative environmental control system, or 2)
employment of a gas turbine prime mover (such as Hy0y), anc using exhaust gas

af a ivbrication agent.
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Prototype Coring Device Design Specifications

The design and operating principles developed for the breadboard coring device
can be used to delineate the design specifications and renuirements for a prototype
lunar coring device. The foilowing changes to the breadboard model coring device
will be required for the prototype flight model:

1)

2)

3)

4)

5)

6)

7)

Control Box - The ammeter employed in the control box was predominantly
used for test purposes and could probably be deleted on the flight :uodel.
Also, the relay circuitry for automatic shutdown at the completion of an up-
ward traverse of the motor is not required since the astronaut would be in
attendance at this time. Therefore, it is recommended that the entire con~
trol box be eliminzted. The "off,! "on," "up," "down"™ and "automatic shut-
down" switches, and RF filters cculd be incorporated in the motor housing.
This modification would also eliminate the control box~to-motor powsr cable.

Motor and Housing - This assembly would be integrated with the gear box
section to eliminate casing redundancy gnd reduce weight.

Percussor and Gear Box Housing - This assembly would be integrated into
a single unit to eliminate casing redundancy. Alscu, the percussor, gear
box, and motor housing would be pressurized as a single unit, Rotating
labyrinth seals will be required for the spindle output shaft, gear shift con-
trol lever, vertical drive gear, and percusasive energy levclcontrc! (previ-
ously discussed),

The drill string feed-through technique currently employed with the bread-
board mudel would be eliminated, and all core barrel or extension tube con-
nections would be accomplished at the output spindle. A variable impact
energy spring would be incorpor “ted to cptimally core a variety of materials
ranging from pumice to basalt, -

Basic Mounting Structvre - A lighter material (aluminum with aluminum
oxide finish) would be utilized for the geared vertical traverse column.
The thickness of the base would be reduced, and the number of anchoring
points would be reduced from three to two,

Extension Tubes - A modified bayonet coupling mechanism would replace
the conventional threads., The inside diameter of the drill string would be
maintained sufficiently large to permit accumulation of ten feet of rock core.

Environmental Control System - The environmental control system designed
(Appendix G) for cooling the electric motor must be incorporated into the

prototype.

Lubrication - General Electric F-50 oil will be employed fo.s the motox ans
gear box bearings (sealed), and solid lubricants for the remaining exposed
(low rpm) gears and bearings.
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The weight of the flight model coring device will be reduced from the breadboard
model weight of 63 pounds to approximately 40 pourds, exciuding cable. Weight of
the recommended 100-foct aluminum conductor cable is apzroximateiy 7 pounds, for
a total system weight of 47 pov--ds.

Suggested Future Program Plans

It is >nvisioned that the program steps leading to the fabrication of space qualified
lunar rock coring devices sheuld progress as follows:

1) Initial Study Program resulting in breadboard model zoring device -
(compieted)

2) Modifications and Further Optimization of Breadboard Model - (18-week
: ~ogram, October 15, 1965 through February 29, 1966).

3) Design, Fabrication and Test of Five (5) Prototype Flight Models - These
models would include the environmental control system for the motor and
the proper materials and iubric .ons requirzd for lunar surface operation.
The five protutype flight models would be utilized as follows:

a. One model for field test and preliminary environmental tests by Martin,
b. Two modeis for astronaut training and NASA evaiaalion,

¢. One model for evaluation by the Geological Survey, and

d. One model for LEM interiace tests.

This program can begin prior to the termination of 2) above, since the initial
portion of this program will consist of a detailed stress analysis and state-
of-the-art materials selection. (One-year program, December 1, 1965
through December 1, 1966 .)

4) Finalization of Design - Fabrication and acceptance tests cf flight hardware -
(one-year program, December 1, 1966 through December 1, 1967),
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APPENDIX A - BASIC DATA EVALUATION

To etfectively specify operating criteria for the Junar coring device, it was neces-
sary to stidy current related experience, and evaluate the interface data relating to a
final design. The evaluation and interpretation of this preliminary data established
the initial guidelines for tie coring device design and auxiliary study requirements.

As additional data became available, further refinements in the approach and tech-
niques were incorporated.

The nrimary interface and study areas which required a preliminary evaluation
included: 1) Apollo-LEM Interfaces, 2) Lunar Geological and Environmental Factors,
3) Coring Techniques, 4) Man/Machine Interfaces, and 5) Materials Selection Criteria.

Apollo-LEM Inteifaces

The design of the ten-foot lunar coring device included considerations for the re-
strictions imposed by the Apollo-LEM spacecraft system in addition to its rock coring
requirements. Factors such as size, weight, portability, and power consumption
rate are governed by the payload limitations, storage bay dimensions, and power
source capacity of the LEM spacecraft.

The design specification for the LEM vehicle included a scientific payload weight
of 250 pounds. Therefore, the design of the lunar coring device was required to in-
clude a maximum of weight saving features, consistent with its operational require-
ments. Integration of tke coring device with the spacecraft systems was considered
ag a possible means of weight reduction. A preliminary review of the lunar coring
device subsystems reveaied three possible areas where integration with the spacecraft
gystems could result in substantial weight reductions:

1) Coring bit coolant and chip removal system - if the pure rotary drilling tech-
nique were utilized for the lunar coring device, a gas would be required for a
cnring bit coolant and chip removal agent. The rotary-percussion technique
which was ultimately selected for the lunar coring device does not require a
gas for use in the earth environment. However, subsequent high-vacuum
coring tests may reveal that small amounts of gaseous lubrication are re-
quired to prevent excessive cutting—friction and dust acthesion to the core
barrels. Therefore, utilization of the LEM descent stage pressurizing
helium would result in a net payload weight reduction if a bit and core barrel

gaseous lubrication is required for rock coring in the vacuum environment of
the moon.

2) Coring device prime mover ~ Utilization of the LEM descent stage residual
fuel as an energy source for a gas turbine was considered. The exhaust gas
from this system could also serve as a bit coolant and chip removai agent if
catalystic decomposition, rather than hypergolic oxidation were employed.
Exhaust gas temperatures of hydrazine decomposition would range from 320°C
to 430° C, as compared to the higher 1100° C to 1650° C range for hypergolic
burning.

3) Coring device restraint system - The lunar coring device will require the
structural elements necessary to maintain rigidity during the drilling opera-
tions, and to provide a tie-down means for attachment to the lunar surface.
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However, if coring within the immediate vicinity of the LEM vehicle were
considered satisfactory, or if anchoring of the device were found to be
impractical because of a widespread dust layer, the structural weight of the
coring device could be reduced somewhat by attaching it mechanically to the
spacecraft. The lunar weight of the LEM vehicle would be more than suf-
ficient for restraining the coring device,

A logical approach to the design of the coring device would be to: 1) Provide a self-
restraining anchor system for attachment to rock outcreps which may be present in
the near vicinity of the LEM landing area, and 2) Provide an alternate means of mech-
anically attaching the coring device to the LEM vehicle if direct anchoring to the lunar
surface is impractical due to an unconsolidated upper layer of rubble cr dust. It is
envisioned that the coring device could be attached directly to one of the LEM landing
legs in such a marner as to facilitate coring through the landing pad to the lunar sur-
face.

The interior configuration of the LEM equipment storage bay has not been com~
pletely defined. Preliminary information indicaies that the compartment may be
"rie~-shaped', with an outer peripheral dimension of 54 inches. The initial design
specifications for the lunar coring device limited its structural members t¢ a maxi-
mum of 30 inches. Therefore, the coring device has been designed with coupling and
telescoping features which will allow it to be stowed within the required stowage area.
The overall length of the coring device can remain somewhat flexible, until the final
design of the LEM stowage compa.*ment is established.

The dc LEM power source may consist of either a fuel cell or silver zinc batteries.
The specified output voltage may vary over a range of 20 to 32 volts. Therefore, the
lunar coring device must also be capable of operating over this voltage range. A max-
imum continuous power operating level of 1,000 watts, and a total power consumption
of 2,400 watt-hours has been established for the coring device.

Lunar Surface Geological and Enviroumental Factors

A review of current lunar surface interpretations was required in order to estab-
lish the design parameters of the lunar drill which will be affected by the drilling char-
acteristics of the anticipated lunar rocks. Although existing lunar surface informa-
tion was somewhat speculative, the general opinior regarding the characteristics of
surface materials was sufficient to establish genera: guidelines for the design of the
lunar drill. Refinements can be made to the design of the drill as additional lunar |
surface information becomes available from the Ranger, Surveyor, Apollo and other -'
related space programs,

The environmental conditions under which the lunar drill must operate have been i
determined more accurately than the geological small scale features of the lunar sur- '
face materials, These environmental factors were studied, and appropriate design
congiderations incorporated in the lunar drill to assure satisfactory operation, |

General Inferences from Direct Lunar Measurements

Any evaluation concerning lunar surface and subsurface characteristics must take |
into account the origin of the materials. There is little question among authorities
that meteorite impact and volecanic activity both contributed to the origin of these
materials. There are, however, vast differences of opinions regarding the relative t
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contribution of each process. The precise nature of the lunar surface materials is
also speculetive,

Most of the lunar surface inferences have been predicated upon measurements
and observations which w?&f) conducted from the atmospherically obstructed terres~

{rial surface. Salisbury categorizes these measurements and inferences as fol-
OWS:

1) Infrared emisgion ~ Low thermal conductivity.
2) Radio emission - Low thermal conductivity.

3) Radar reflection - Low density. Surface gradiert 1in 11 on a 1-m and
10~cm seale,

4) Polarization - Agglomerated powder composed of opaque grains,

5) Photometry - Highly porous, complex and irregular surface. Relief many
times the waveiength of light.

6) Albedo and color - Nonterrestrial reflectivity.
To this list, the following direct visual observations should be added:
1) Telescopic obgervation - Gross lunar topography and stratigraphy.

2) *Ranger VII, VII and X photographs ~ Details of surface topography strati-
graphy and suggestive lithiologic texture,*

The design of the lunar drill was predicated initially upon a "worst-case' moon,
At the present time we do not know the answers to the following cosmological prob-
lems:©3) (1) the chemical composition; (2) the exset mechanism of crater or maria
formation; (3) the density and thermal distribution of the interior; (4) the existence of
water or other minerals required for the sustenance of life; or (5) the true nature of
the small-scale features of lunar surfacz, e.g., dust, vesicles, "fairy castle, " sur-
face roughness and hardness.

Interferences of Small Scale Lunar Features(®3)

For purposes of establishing the lunar drill design criteria, the small scale fea-
tures are more important than the gross or large scale features. The drill design
included the provisions required for driiling in materials implied by both the impact
and volcanic mechanisms.

The ejecte, whether caused by meteorite impact or explosive volcanoes, result
in widespread disposition of angular fragments on the surface. The size distrihution

*1t is interesting to note that most of the personal theories presented by leading lunar
geologists regarding lunar surface origin and characteristics have not been signifi~
cantly altered by the photographs obtained from the Ranger Program, A recent
symposium at NASA's Goddard Space Flight Center (15-16 April 1965) revealed that
the "dust theorists' are still "dust theorists, ' and the "relatively high ben(ru;g
strength theorists" still maintain their previously established hypothesis, (65
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may be logarithmic and range from clay-sized powders (0.074 mm) to angular boulders
(256 mm). Block sizes as large as 10 to 15 meters in dian.eter may occur from a
Iunar crater the size of Meteor Crater, Arizona., Regardless of the size distributicn,
marked angularity and poor size-sorting of this materiai can be expected. The ab~
sence of an atmosphere and the weathering process is of great importance since the
material will not have been greatly modified after it reached its final resting place
except by sputtering.

The lunar maria features derived from volecanic origin are ;enerally agreed te
consist of thick deposits built up by separate lava sheets. The characteristics of the
lava flow should be similar to those occur:ing on earth, with considerations bheing
glven to the lower gravity and vacimim conditions of the moon, The terrestrial-type
examples of lava flows are aa and pahoehce, Aa, the Hawuiian term for basaltic
lava flows, is typified by a rough, jagged, spinose, clinkery surface, while pahoehoe
is typified by a smooth, billowy, or ropy surface. Mcdifications to these types of
lava flows resulting from the lower lunar gravity i< ~a~uam may include desper
nucleation and slower rise of bubbles resulting iv 2 Lighly vericular lava, Vesicular
igneous rocks such as pumice and scoris zre likely to be more commeon than the
dense basalts of earth terrains. Ovher interpreiwitions include pyroclashic deposits
of volcanic ash and tuff which may be fcund widely distributed and intert:dded with the
lava flows.

The array of possible lunar surface materials which is interred by +"2 various
observation and measuring technique: ~epresents the minimum drilli.g ¢s;-bility
which should be incorporated into i} ar drill. Therefore, the drillics = ats
should eventually include materials zuch as tuff, scoria, basalt, andosite. umice,
pahoei-oe, aa, and rhyolite.

Characteristics of Possible Lunar Materia's

The thermal conductivity, specific heat and thermal inert.z « | = - saticipated
lunar materials must be considered during the dusign of the lunr » ;. 5k. A detailed
thermal analysis is required to determine if the conducted and :. -..:ied heat from the
drill bit to the rock is su”“icient to maintain a reasonable equilii,rium temperature.

Comparative thermal characteristics of copper and possibie lunar materials are
listed in Table A-1. The rimplified two-layer lunar surface model consists of an
upper layer possessing the approximate characteristics of powder in a vacuum. The
lower layer consists of rock possessing the approximate characteristics shown in
Table A~1 perhaps modified somewhat by vesiculation.

It is general'y conceded that the voids created in loosely packed powders in a
vacuum will result in average thermal conductivities which are approximately 1% of
the values obtained under a pressure of one atmosphere. However, the thermal
conductivity of the lower level cousolidated rock material is expected to approximate
terrestrial igneous rocks.
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TABLE A-1

Comparative Thermal Characteristics of Possible Lunar Materials41)

Thermal Specific Thermal

Conductivity, K Density, Heat, ¢ Inertia, (K pc)—l/ 2
Material  (cal/cm?/sec/(°K/cm)) (gm/cm3) (cal/gm/°K) (cal/em2/°K/ sec-1/? )
Copper 0.9 9 0.09 1
FBock 5x 1073 3 0.2 20
Pumice 3x 1074 0.6 0.2 170
Powder ‘n 3x10x 10~6 2.0 0.2 500 to 1000

Vacuum

Surface Temperatures (41)

The maximum average temperature on the surface of the moon occurs at the point
where the sun is directly at the zenith, or subsolar point. It har been observed that
the maximum temperature occurs when the heat flux is a inaximum, that is. no phase
lag is apparent. The theoretical and experimental determination of this temperaiure
is in agreement within less than 1° K at a value of 374° K, The actual temperawre at
a particular subsolar point may be as high as 390° K or as low as 330° K, The varia-
tion of subsolar temperature is due to the facts that the solar constant (average 1.3"

x 106 ergs/ sec—cmz) varies slightly depending on the moon's distance from the sun and
that the actual albedo ranges from less than 5% to more than 40%.

The design of the lunar drill must include the features necessary to ensure satis-
factory operation i -he high temperature environment. Temperature sensitive equip-
ment such as ihe electric motor will require an envirormental control system to en-
sure satisfactory heat removel from the lunar drill system.

The minimum lunar surface temperature occurs within a few days after passage
of the terminator., However, the initial temperature drop upon "black ou. of the
solar radiation can occur very rapidly. One observer measured a temperaturs drop
from 3749 K to 200° K over a period of 1 hour during an eclipse.

It is anticipated that operation of the lunar drill will occur duriug the sunlit por-
tion of the synodic month, thus placing the emphasis on high temperature design fea-
tures. However, low temperature storage must also be considered.

Subsurface Tempp_ratures’ﬁa)

The subsurface lunar temperature fluctuations with surface temperaturs changes
decrease in magnitude proportional to the subsurface depth. One study has showa
that the fluctuations essentially cease at a depth of 30 inches, and a mean temperature
of approximately 2350 K is attained at this depth.
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Alihough the lunar subsurface temperatures which will be encountered by the
drill bit are relaiively low, the correspondingly low thermal conductivity of the rock
material reduces effective heat conduction and radiation from the drill. A detailed
thermai analysis was conducted to determine what percentage of the totai heat gener-
ated by the coring bit would be conducted and radiated intc the surrounding rock, and
ig included in Appendix B.

Atmosphere (63)

The lunar atmospheric pressure is estimated at 10-13 times the earih's mean sea
level pressure. Extremely smaii quantities of Hy, HyO0, CCOy and other gases are
estimated to comprise the 10-10 mm Hg (or lo-ver) lunar atmosphere.

Absence of a significant lunar atmospheric pressure requires a careful selection
of materials and lubricants for the lunar drill. The subject of materials ie discussed
in a later section of this report.

A sacond major problem created by the low pressure environment is that of ther-
msl control. Since there can be no external convective cooling for tie lunar drill sys-
tem, heat removal must be 2ccomplished by radiation into space.

The vazuum environment of the lunar surface may create other rock drilling grcb—

lems wnich are not encountered in the terrestrial environment. Recent studies (64,66)
have indicated that the lower pressures may result in increases in the coefficient of

friction and adhesion between meialiic and noumetallic materizls. Dr. S. H. Penn,
Grumman Aircraft Research Department, in his soon-to-be published "Wildcatting on
the Moon, " postulates that use of a mechanical force drill on the moon's surface will
be impossible without lubrication of the drill bit. Therefore, the problem of rock cut-
ting and dust removal with the b'mar drill system may require the use of a controlled
lubricant or special core barrel surface maierial in order to reduce the predicted
dust-metal adhesion problem. This cannot be determined until a high vacuum rock
coring test can be conducted.

Radiation

In addition to temperature considerations, the possible effects of solar and cosmic
radiation on material degradation: must be considered for tne lunar drill. Although
metals are not seriously affected by radiation, the selection of plaghcs for seals and
other applications must consider their possible breakdown under the radiation environ--
ment.

Coring Techniques

During the past several hundred years, numerous techniques have been developed
for hole drilling on the terrestrial surface. The three techniques which are employed
for the majority of earth drilling operations include percussion, rotary, and rotary
percussion. Other methods of drilling which receive limited usage for special purpose
drilling include flame drills, electric arc, chemical softeners, pellet impact, abrasive
laden jets, and explosive shaped charges. A brief discussior of these techniques and
their possible use for the ten-foot lunar coring device is presented below.

A-6
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Flame and Electric Arc Drills. - The flame drill has been in service since 1853;
the electric arc since 1874. Both techniques use high temperatures to spall the rock
during cutting operations. Drilling devices employing these techniques are used pre-
dominantly for the mining of relatively small blocks of various rocks which are used
for fabricating monuments and building materials.

Use of the flame or el-ctric arc devices would be impractical for obtaining con-
solidated 1-inch diameter cores to ten foot depihs on the lunar surface. Relatively
iarge "cuts" would be required around the periphery of the core in order to accommo-
date the drilling equipment below tke surface, and to provide allowances for irregular
cutting. Additional mechanical devices would be required for core extraction after
completion of the cutting operation. Electric arc devices inherently require large
power supplies which would be in excess of the LEM capacity. In addition, proper
heat control with a gas operated flame drill in the 10~10 mm Hg lunar atmogphere
would be difficult.

1t is possible that an electric arc device may prove to be feasibie for deep drilling
operations after the establishment of a permanent !unar base, Lut for the early LEM
landings it appears to be p1 Juibited.

Chemical Softeners. —The use of chemicals such as sodium carbonate or sodium
hydroxide for softening rocks hegan in 1887. This technique is currently used to some
extent for the etching of rock, but has never received wide usage for the formation of
deep holes. It would appear extremely difficult to control the formation of a rock core
over & 10-foot depth with a chemical softener. In addition, the low subsurface temp-
eratures and vacuum conditions or the moon would prohibit the use of most chemicals
for the hole formation process.

Pellet Impact and Abrasive Laden Jets,-Both the pellet impact and abrasive laden
jet techriques employ the same principle of impacting high velocity particles against
the rock at the bottom of the hole. The former technique employs the use of a fluid
to supply the energy to the pellets which impinge upon the rock surface. The pellets
also serve as a grinding agent at the bottom of the hole and are continuously circulated
until consumed. The particles utilized in the abrasive laden jet system are smaller
than the pellets, but are emplouyed in the same manner to erode the rock.

Both systems utilize water or drilling fluids for terrestrial drilling operations
which would be prohibitive or the lunar surface. A high velocity gar system could pos-
sibly be utilized to supply the energy to the abrasive particles, but the required quan-
tities of gas would limit these systems for the lunar coring operation.

Explosive Shape Charges.-There have been extensive advances in the utilization
of shaped charges for hole boring operations., Depth, orientation, and size of holes
can be controlled in homogeneous materials by the proper employment of shaped
charges. In order to obtain a core it is necessary to lay out a "charge pattern" on the
surface of the rock outcrop which approximates the desired core size. For a cae-~
inch diameter core an equilateral triangle (or hexagon) with two-inch sides would be
employed, with the appropriate shaped charge placed at t:'e vertices of the triangle in
arder to obtain the desired depth. A rotary coring device would still be required to
cut through the rock material remaining between the explosively bored holes, The
power cequired for the coring operation would be much less than for a complete hole,
and a chip removal system would net be required because the finished hole would pro-
vide "'storage room" for the coring chips, .

A-7
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Although the use of shaped ciiarges present some advantages, they would rot be
particularly valuable because of the necd of a rotary cering device to extract the core.
Because of the kigh energy levels available with the shaped explosives, it is antici-
peted that their employment may have advantages with the advanced permanent base
lunar operations. Astrcnaut safety, lunar surface contamination aad other related
iactors would require investigatica before final cecommendation.

Rotary, Percussion, and Rotary-Percussion Devices.~-The majority of present-
day driiling operations are accomplished by rotary, percussion or rotary-percussion
devices. Each technique posscsses advantages and disadvantages, whicn were eval-
uated with respect to the task requirements.

Rotary Drillirg. 39 -Rotary drilling is accomplished by boring the bit (solid or
core type) along a helical path while it is being subjected to che axial thrust and rotary
torque required for shearing of tie rock material. Actual rock breakdown occurs in
the following manner:

1. A buildup of forces and deflection of the bit takes place uctil a sudden frac-
ture of the rock occurs;

2. A rapid release of stored energy in the deflected bit takes place, causing the
bit to impact upon the reck;

3. A buildup of forces again occur~, with some failure nf the rock along irreguiar
lines of the fractured rock aad new contact plane. 7This action continues until
the next fracture occurs, completing the cycle.

Percussion Drilling. (30)_percussion driliing is accomplished by a high impact
energy exchange between the bit (core or chisel type) and the rock. A small portion
of the rock is fractured with each impact, and the bit is indexed to a new spot before
the next blow. Fragmentation of the rock occurs in the following manner:

1. Crushing of rock surface as the bit makes initial contact;
2. Elastic deformation of the rock;

3. Pulverization of rock beneath the point of contact. Concurrent with the
pulverization phenomenon, a stress wave is propagated along the path of
least resistance, which results in rock fraciure;

4. Chip production. Fracture relieves the stress and the force between the rock
and hit. Dependent upon the energy stored in the tool, the biv may continue
down through the pulverized region causing a second fracture to occur, or the
rock may go through elastic deformation only, causing the bit to rebound.

Rotary-Percussion. -Rotary~percussion drilling contains elements of b..a the ro--
tary and percussion actions previously described. The bit is held in contact with tae
formation so that after each percussive blow the rotary motion of the bit will shear off
the rock between the indentations, thereby giving larger cuttings and, consequently,
moere efficient drilling.
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Summary.-All three techniques (rotary, percussion and rotary-percussion) can
be employed using eith:r "anove surface' or “down-the-hole" electric, pneumatic, or
hydraulic prime movece. The "down-the-hole" equipment may prove to be more
practical on the lunar surface for relatively large diameter holes (greater than three
inches), and where tb2 drillicg depth exceeds approximately one-hundred feet. This
type of equipment reduces the power iosses and excessive weight inherent with the
long drill rods required +:ith ""above surface' prime movers. However, the "down-
the hoie' equipment is not recomixended for the relatively short ten-foot coring de-
vice.

Luna: drilling feasibiiity studies were conducted by the Hughes Tool Com|. ‘2;\1),
Armour Research Foundation of Dlinois Institute of Technolog;%w), and Texaco(29)
in 1€60. These studies were oriented toward the development of s lunar drill ender
the following genera! specifications:

1. Unit to weigh less than sixiy pounds and consume 2 minimum of power;
2. Capable of drilling a 1.0 to 1.5-inch diameter hole to a depth of five feet;
3. Maximum available thrust {(restraining force) is 50 to 75 pounds;

4. Samples of the lunar surface (hole cuttings or chips) required for instrument
analysis.

The purpose of the studies was to evaluate the relative advantages and disedvan-
tages of the rotary, percussion, and rotary-percussion techniques for hole drilling
within the operating restrictions for tae lunar drill.

Figure A-1 (Percussive Drilling Kesults from Texaco Study) illustrates the pene-~
tration rates obtained in sandstone and granite using the rotary-percussion technique.
This compared favorably to the penetration rates obtained by pure rotary drilling
under the low axial thrust of 57 pounds using various 1.0 to 1.5-inch diameter bits.
However, one test was conducted using a one-inch masorry carbide bit with an increased
axial loading of 180 pounds and rotational speed of 450 RPM, This test resulted in a
penetration rate of 0.5 inches per minute with a power expenditure of 250 watts, which
compared favorably to the rotary-percussive penetration of 0.375 inches per minute
at the same power level. The Texaco tests clearly demonstrated that relatively high
axirl loading is required in order to obtain satisfactory penetratior rates with pure

rotary drilling.

The Armour study(so) revaaled resuits similar to those obtained by Texaco for
rotary coring. Penetration rates in the soft to medium hard materials were satis-
factory, and increased proportionrtely with mcreasing axial loading. No significant
penetrations could be obtained in granite. The results of the diamond coring tests
are tabulated in Table A-2 (Rotary Diamond Drilling Results from Armour Study).
These tests were conducted at a rotational speed of 900 RPM, and the input power was
maintained at 0.58 to 0.69 HP.

Rotary drilling tests were also performed using carbide tip drills in a variety of
materials. In addition, several rotary-percussion tests were performed using solid
bits. The results of thesc tests will not be analy.ed since they are not related to the
coring requirement for the current lunar driil program. However, it was interesting
to note that rotary-percussion penetration rates of 0.51 to 1.14 inches per minute were
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obtained with the solid bits at power input levels of 550 to 940 watts. This represented
a significant improvement over the pure rotary diamond coring penetration rates in
granite.

The majority of the Hughes Tool Company feasibility penetration tests were
oriented toward the pure percussive devices, This technique was recomrended as
the most feasible method for drilling a complete hole on the lunar surface within the
restrictions of their study. Most of the coring bits evaluated were of the standard,
wide kerf type which require power levels greater than that available for the ten-foot
coring device.

Table A-3 (Comparison of Rotary and Rotary~Percussion Systems) presents a
tabulation of preliminary trade-off data. The higher penci.ation rates in granite and
absence of core bit temperature problems are desirable features in the rotary percus-
sion systems. However, the requirements for granite penetration appears unlikely
for the marial regions of the lunar surface. The relative simplicity, reliabilit;, and
core ratrieval characteristics of the rotary coring system initially appeared mecst de-
girable for the ten-foot coring device. Therefore, initial feasibility tests were con-
ducted with diamond core bits (see Feasibility Test Section). The testing was
directed toward thin-wall bits in an effort to conserve power.
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Man/Machine Inter-faces

The abitity of the asironaut to safely employ the rock coring device on the lunar
surface will depend on a large number of factors including, but not limited to the fol~
lowing general functions:

1. Selection of work site;

2. Removal of equipment from the LEM, and transport to the work site;
3. Preparation of equipment for operation at the work site;

4. Initiation of the coring sequence;

5. Periodic removal of core sections and addition of drill rod extensions;
8. Core preparatior for return to LEM;

7. Shutdown, disassembly, and packaging of equipment for movement to new
area if required;

8. Transport of specimens and equipment back to the LEM;
9. Available working time of the life support system;

10. Astronaut mobility and dexterity with full pressure ensemble in a 1/6-G
lunar environment.

The primary function of the rock coring device is to obtain segmented lunar core
samples down to a depth of ten feet. Obtaining such a sample on earth with commer-
cial equipment is a time consuming task, requiring hours as opposed to minutfes to
accomplish. Operation of the commercial coring equipment usually requires full-
time attendance by one or more operators. However, a continuous monitoring opera-
tion of a lunar coring device by an astronaut cannot be afforded. Therefore, a maxi-
mum of automatic features were incorporated into the design of the coring device,
commensurste with weight and size restrictions.,

Relatively large forces are required to restrain the drill when coring to depths of
ten feet. Preliminary testing, employing the Martin Lunar Gravity Simulator, indi-
cated that an unrestrained operator can be expected in exert 18 to 22 pounds of down~
ward force in line with the vertical axis of the body before losing footing with the sur-
face. Employing the same criteria, a maximum torque restraint capability range of
13 to 16 foot-pounds resulted. In view of the anticipated coring time and reaction
force required, it was logical to assume that the coring device would not be hand~
restrained, but instead, anchored to the lunar surface. Durirg the actual coring pro-
cess the astronauts' primary attention should be devoted to other lunar surface tasks.

The breadboard mode! coring device, and associated equipment was designed and
pekaged so that it would be easily transported to and from the work site. Thus, a P
minfraum weight and size for the equipment was required. The maximum limits *-
specifiad by permissible LEM payload, and influenced by the 1/6-G lunar environment
appear adequate to facilitate astronaut handling of the coring device.

-
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Previous testing and evaluation by Human Factors, using subjects suited in the
Gemini and prototype Apollo spacesuits, indicate that it is very difficult to stoop down
or squat close to the standing surface in the pressurized ensemble. Subjects found
it necessary io kneel on oae leg before retrieving an item dropped on the fioor., An
astronaut would not be expected to asaume low erouching or squatting work positions
on the lunar surface with present day spacesuits. Securing the leg supports of the
coring device to the lunar surface does not require an astrcnaut to apply forces or
perform an excessive rursber of tasks from a low work position.

In view of the overall height restrictioa of the basic unit (approximately 30 inches),
all controls and displays were located as close as possible to the top of the device.
However, weight trade-off considerations may require some compromise to this cri-
teria on subsequent flight models.

Excessive stooping and bending may be required during assembly and disassembly
of the unit if components are placed on the lunar surface upon arrival at the drilling
site. It may be desirable on subsequent flight models to supply an equipment con-
tainer with extendable legs to facilitate temporary storage, assembly and disassembly
of the subsystem components. Again, weight trade-off considerations may reqiire
some compromise of this approach.

The inherent design of the device provides for the operator's visual detection oi
coring depth and rate. Once the coring operatior. commences, the astronaut's tasks
will be reduced to primarily that of periodic monitoring. While an electrical rate
display would be desirable, a simpler method of accomplishing the same function is
to maintain an accounting of drill rod extensions coupled into the drill string by sub-
traction of the unused drill extensiuns from the original total number.

The foregoing represents a cursory study of design objectives and operator re-
strictions for the lunar coring device. Spacesuited operators were used to evaluate
the final prototype coring device model to ensure that the man/machine interface
problems were adequately solved or identified for subsequent correction. The re-
sults of the spacesuit interface tests are presented elsewhere in this report.

Materials Selection Criteria

The selection of materials and lubricants for the lIvnar drill is an important con-
sideration. Environmental conditions(63)under which the coring device may overate
include a vacuum of 10~10 mm Hg or higher, and & lunar surface temperature range
of 389° + 5% K to 120° + 2° K throughout the synodic month. The drilling operations
will initially be restricted to the "lunar day' which will involve only the upper portion
of the synodic monthly temperature range.

Much effort has been expended by Martin and others in the investigation of mater-
ials and lubricants for use in the vacuum of space. A wide variety of lubricants has
been employed in the mechanical systems of U, S. satellites and spacecraft. Oils
and greases having low vapor pressures have worked quite well in these applications.
Sealed or partially sealed units have been employed to pr-vent vaporization of lubri-
cants, The recent trend has been to use materials thai ave built-in lubricants, or
to employ sclid lubricants such as fluorocarbons, and solid film lubricants (e.g.,

Mosz and Wsez) v
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Ball bearings suitahle for use in vacuum are readily avsilable. These bearings
are manufactured from standard bearing steels, 440C or 52100, with bearing retain-
ers containing a lubricating material. Retainers made of Duroid 5813 (60% Teflon,
40% glass fibers impregnated with MoS,) have performed satisfactorily in satellite
applications. Recently developed, improved retainer materials contain mixtures of:
(1) 60% copper and a 40% mixture of 3 parts Teflon and 1 part WSe,, or (2) 70% silver
and a 30% mixture of 3 parts Teflon and 1 part WSe,. Bball beari&s containing one
of the above improved retainer materials will be considered for use in the lunar drill.
If the lower operating lunar surface temperatures are encountered (lunar night), addi-
tional problems are created for the hard bearing steels, as their toughness is re-
duced at the extreme low temperatures. Nickel-containing steels, such as case
hardened 9310 (3.25% nickel, 1.25 chromium with a slight molybdenum additive),
are 3atisfactory for the low temperature operation. Ball bearings with smallest
possible ball size will be selected to minimize lubrication problems in vac um,

Gears for the lunar drill may be constructed from self-lubricating materials such
a. the sulfur-bearing steels. Surfur-bearing, free-machining steels are readily
available. Sulfurized steels in both carbon and low alloy grades are also ayailable.
A wide variation of hardness canu be obtained by proper selection of enruposition and
by heat treatment,

Materials for parts that have sliding motion can be made either as metal-to-
metal or metal-to-nonmetal combinations. For heavy loads, a properly selected
steel-to~steel combination can be used. Sulfurized steels should be selected to pro-
vide a built-in lubricant and a solid film lubricant, such as MoSg, applied by burnish-
ing or by vacuum deposition. A vacuum coating method for MoS,, known as CLD
5940, has been developed by the Columbia Broadcasting System oratories. Steel
versus aluminum can also be employed if the aluminum is hard coated by the Martin,
Alumite, or similar process. A new method that impregnates Martin hard coating
with Teflon ("Tufram'' coating by the Magnaplate Company) is another applicable pro-
cess. Metals versus non-metals cen be used if the mechanical loads are light.

Steel versus Teflon is a satisfactory combination for light sliding motion.

Development of roller hearings for space application has not progressed as exten-
sively as that of ball bearings. However, the same material fundamentals apply for
the roller bearings as for the ball »earings. The ususal bearing steels, when lubri-
cated by solid lubricants, may be satisfactory for roller bearings if their use is re-
quired in the lunar drill.

When designing the lunar drill for use in the near vacuum environment of the
lunar surfsce, the possible galling and seizing (cold welding) problem must be con-
sidered. It is desirable to design for light loading of any combination of metals
which have relative motion. Light loads will lessen the tendency for the metals to
gall and seize in service.

The possible lower surface temperatures for the lunar drill must be considered
for the selection of materials for day and night operations, Carbon steel and some
low alloy steels are embrittled at the low temperatures, especially when they are
stressed in the presence of slots, notches, threads, or other stress raisers. All

parts subjected to high stresses must be fabricated from steels having sufficient
nickel content to assure toughness at the lower operating temperatures.

A-16
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Lubricants for the lunar coring device are required to work in high vacuum and
elevated temperatures. For high temperature lubrication greases and ofls are not
satisfactory, and dry lubricants must be employed. Molybdenum disulfide is an
effective lubricant in vacuum to 1500 F or above. For this application the solid film
lubricant could be bonded to the required surfaces by means of a stable inorgeaic
compound. The fluorides of calcium and strontium have been used as lubricants at
very high temperatures. The following are possible lubricating systems for the mov-
ing parts of tne coring device:

1. Dry fiim lubricants such as MoS, or WSey, bonded with sodium silicate or
B203,

2. Can or Ser bonded with a stable oxide.

3. Flame sprayed or plasma arc sprayed mixtures of solid filn. ..ricants
{(example MoS,) and metals (nickel or silver).

A-17
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APPENDIX B - ROTARY CORING PRELIMINARY AMALYTICAL MODEL

Anticipated Drill Orive-Motor
13000 R.r.H,
Gearea 24-1 540 R.P.M. output
Efficiency within Voltage Range 0%
60C datts input Power to lotor
360 Watts iaximum output work

Friction work generates heat 783.2 Ft.-Lbs./BTU
Friction is basically proportional to pull down force:

friction Load, F = N [ Normal Load
miltiplied by coefficient of friction of materials.

f, 51iding Friction on Hardest Rock = .50 (approx.;

Minimum pressure load to product diamond drill cutiing
of hard rock = 200 Lb. Est.

Anticipated Friction

F =2 200 x .5 = 100 Lb.

Cutting Load = 2 x Pull Down Load
per Ref. 1

Total reripheral Force
500 Lb.

Ft.-Lbs. Per Rev. jél%%;é_ x 500 = 157.2

Pull -down H.P. may be stored intermittently
Total available H.P. x Mech. Eff.

360 Watts

33000 x =77 vatts
dabte

x .9 = 157.2 x R.P.M.; R.P.M. = 91
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This is an indication of possible insufficient horse power
available for drilling hard rock with dismond bit, since 500 K.r.H.
is nearer to the speed requirement for drilling rate.

Using a 500 Lb. down pull = N
A cutting load coefficient of 1.5

(The torque resistance load factor to down-pull load
for a specific configursticn f bit and type of rock)

Total Peripheral Force = F = nf+ 1.5 W
Drill

F = 100
Drill

Ft.-Lbs. per revolution = 60

R.PJd. = ;Lﬁ% x .9 x 33000

60
R.P.M. = 238.5

(Note greater R.P.M. increases power used)

Friction ratio 100 = 20% (Example 1)
500
25 _ i

o T = 25¢% (Example 2)

Since the diamond drill wears during cutting a safe friction

value even under optimized drilling conditions would be 2% %o 30%.
Using 39% component:

360 Watts x .9 x .30 = 97.3 datts
(Maximum condition for one hour or’y).

Jorse condition: -
1 wWatt Hour = 3.413 B.T.U.

97.3 x 3.413 = 332 BTU/Hr.
(Maximum Drill Bit Heat)

B-2
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Assume 39000 P.S.I. to be the highest strength
value for summarized compressive strength o7 lunar rock. Applying
this to rotary diamond 4rilling, an estimition of drilling para-
meters can be made as follows; see Fig. B.1l,Stone cutting is
basically failure of the stone in local compressive strength.

Periphersl load = 35000 x % x ¥ x 1.15 x 150

The pull down force is also 475 Lbs.

Assuring 332 BRU (or 97.3 Watt-Hour)

generated by friction, the equivalent peripheral load would be

332 x 778.2 x 12 = 159 Lb. friction
90 x 60 x x1.15

The total peripheral load for very hard rock could be
634 Lo. but if .010 denth of cut were used this load would be 500 Lb.

The torque load, of example 1, of 500 Lb. x léy_ = 228 In-Lb.

must be carried up the pipe which attaches to the bit. The heat
generated must be prevented from raising temperature levels to the
point of damaging the diamonds. The diamonds begir to deteriorate

at 1400°F and the annealing temperature of stainless steel is
1350°F.,

Heat dissipation can be obtained from the following:

(a) Radiation and conduction in the rock
{(to maintain heat flow from drill bi% by
radiation.)

() Conduction of heat sway from the bit up the shaft
and into the drill structure (where radiation
maintains heat flow from drill.)

[
4
-
3
\
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Total Heat Q = Q@ <+ q 4+ q <+ q

RR CR CB CCH
q = Heat Radiated into Rock
RR
q = Heat Conducted into Rock
CR

qcgp = Heat Conducted into Drill Barrel

Qceg = Heat Removed by Conduction and Convection into
Helium Gas.

BEventusl dissipation of heat

Uectal = SLunar *+ SRadiation on Surface
Rock

dccH can be considered to cool the rock also where its surface
may pick-up heat by radiation from the hot drill barrel.

Where the rock is no’ consolidated, its heat of radiation from
the drill will not be conducted away from immediate rock surface.
The radiation of heat then equalizes and the drill receives as
much radiated heat as it expels by radiation.

The gas wall thickness is relatively thin and it can be safely
assumed that heat by conduction through the gas thickness is
complete. The only significant factor is the heat capacity of the
gas. Constaant pressure condition would mostly represent steady
flow

(Flow) w = Avp (Area x Velocity)

Heat Capacity, ¢ = CP

Cp = 1.25 BTU/Lb/OF for He

The temperature along the drill barrel will first be influenced
by the coaductivity of the beryllium copper. Heat radiation into
the rock will become relatively stable Gue to the low conductivity
of tue rcck.

B-6
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Dissipation of 332 BIU at Drill Bit, Fig. B.3 & B.4:-
Since insufficient data is available for establishing heat
flow criteria, an approximation study is thought useful as «

preliminary to drilling tests and drill design. From Table B-1
select beryllium copper.

Drill bit consists of .095 beryllium copper with tungsten
carbide matrix holding diamond cutters.

It Kg = Heat conductivity of berylliuvm ccoper metal
KR = Heat conductivity of consolideaced rock
Ki = Heat conductivity of tungsten carbide
K = BIU/Hr/Ft2/°F/Ft (See Table)

Maximum temp. at bit = 1200°F to prevent damage to diamonds
and sof'tening of beryllium copper.

Values for K are necessarill - approximate for this study.

KR For Granite = 1,0 to 2.3

KR For Lava = 0.49 Porous Material
KR For Sandstone = 1.1

Kg  For Marble = 1.2

Assume K = 1.1
K, = 26
KB = 100

Conductivity of rock at temperature -TOCF
(Lunar subsurface 3CM depth - Si.4 to -207.4°F)

The actual heat absorbed by the rock will depend on its diffusivity
which takes into account heat storage and temperature differentials.

QR = KAAt
L

ek A Vaa
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Estimated Rock Temperature and BIU Flow into Rock:
Radinted Heat Q = oFe Fa A (Ty* - Tpk) BIU/Ar
o = Stefan-Boltzmann Constant

* 173 x 10-8  BTU/Br. Ft2 OF4 (Ref. 61)

{
€ €+ L -y
€

= .15 from chart
Ext. €1 % .2 for drill
€ o = .4 for rock in vacuum

F, = Configuration Factor = .9

A = Emitting Area = 12" x IM x1.26 .33 Ft.2
Temperature of Bit = 12000F <+ L60 « 1660°R

)
[ulf
"

]

Temperature of Walls of Hole

Tp
for Steady State Condition

Steady State Temperature of Lunar Rock - 131° = 3290%

Temperature To depends on conductivity of rock heat
conductivity BIU/Hr .Ft2.OF. Ft.

Estimating rock temperature close to drill rod in steady
state: (From Ref. 41)

(Kkpe )'l/ 2 has been found large indicating poor conductivity
of lunar surface material

(kpe )'l/ a was fcund to be 1000

For rock on earth this value was found to be as follows:

B~-8
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Table B-2

K [ c (Kpc 1—1/ 2

—

CAL/CMR/SEC/ (9K/Cyy) g,/Cnd  CAL/gu’K CAL/cm2/°K(o‘Ecl/2

e

Rock 5 x 1073 3 0.2 20
Pcwer 6

in 3-10 x 10~° 2.0 0.2 500 - 1000
Vacuum

BIU/Ft2/SEC/CK/Ft  Lb/Ft3 BIU/Lb/OK  BTU/Wt2/0x/SECL/2

| i

Py

Rock .561 187.29 .36 67.4
Power )

in 0001683 124.86 .36 1635 - 3370
Vacuum .000561

If o = ebsorbtivity

r

reflectivity

T

transmissivity

a+r 4+ 7 =1 For heat received by the rock from
the drill barrel.

T may be zero because rock is opaque

r is returned heat by reradiation.

K

Q@ = o where K = conductivity ~
PCp
p = density
Cp = heat capaclty
a = 26 = ,00833 AL |

187.29 x .36 SEC ~ T1Zo

B-9
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So
Q 120
Total

h
R
ft
¥

Thermal diffusivity

Raalated Heat = Q = o F_ Fy A (Ty* - To*) BIU/Ar.
Est Q = .,173x 10'8x 15 x .9 x .33( b T h)
. . . . m 2

~ Heat Conducted

Also -
= Heat Storage

Heat conducted by rock = q. = KaA (T), = Tp)
L

Let - 1" or .0833 Ft.

X
A - 561 x .33 . .1
a¢cR 0835 (1660 - T5) 55 * 332

Let us check for 1/120 diffusivity of 332 BTU/Hr into rock
to learn rock Ty estimated

-332 4 1660 x .561 x .33
120

T, = -0833 L=2.765 -~ 3685
2561 x .33 2,202
.0833

T, « 2682 . 1658 % Then

2.22
-8 L L
Est. radiation Q@ = .173x10° x .15x 9 x .33(—]:-636— - 655 )
Qr(When rock reradiates 12" of drill is inside of
consolidated rock)
= ,0359 x 10° = 3.59
- 3¢6 BI‘U

Heat stored in rock surface would be high, which aceounts for
the low heat dissipation by radiation to the rock from the drill
carrel.,

B-1¢
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Heat conduction through the tungsien carbide matrix and into
the beryllium copper drill bit tube is the important heat flow path.

4
The area of tungsten s Ay w 7854 (1.33 _ 12) = .543 In2
The beryllium tube cross-sectional area Ap = .348 Ine
Temp.rature gradients cun pbe estimated:

q‘I‘ungsten Carbide = 2 -9 = 328.4

9 = K (ti',‘“ ta) Ap where x = ,095

t = % -
o 1 ° %% _ 1500 - 308k x 095 , bk

K A 25 x 12 .543

q;tr = 276 °OF

A reryllium copper tube maximum length for total temperature
gradient:

BYE . gouop

Xp 43

92k x 100 x 002415 - @82 Fy.
328.4

to will not reach zero degrees F and this

temperature will be approximately that of the cooling gas being
blown down the pipe for steedy state drilling worse condition,

- o
v, = 660°R see Figures B.5 and B.6

B-12
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t For tungsten-beryllium interface is 1660°F

corductance distance x =At Ky AB/Q

X =[(1660 - 276) - 660] 100 x .002k15
328 4

K=.534 Ft; t = T2UOF

Ame < Tx1.06 x .S34 2

Wetted Area Inside A1_2 53 = 1235 Ft

Wetted Area Outside A5 ; = 7 x 1,26 x .53% . 145 p2
12

Heat conduction and convection of the helium gas is mostly unknown.
Experimental measurement of gas flowing thrcugh a heated drill-bit
80 as to obtain flow pressure drop, change In the density of gas,
gas flow velocity, and the differential temperature may be made.

- 4
g = UA ( At)m = UA QAtOl - Atog /ﬂ Atol/ Atoa

U = conductivity - convention

UA hyAy Ka, hgAg h A,
AO = QOutside ares; Ai = inside area
hy = Heat transfer coefficient thru scale deposits
hy = For entire surface based on Atp

Mean local Coefficient of heat transfer
BTU per hour Ft2 OF differential
G = Mass velocity W/s Lb/Hr. Ft2 of cross section

by = Viscosity at bulk temperature Lb/Hr .Ft
Arithemetic mean between wall and fluid

K &t the film temp. tp (t+ t )/2

ey
n

B-13 . "
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D = Diameter in feet
Di = (Clearance inches

h =02 G G *B/p,)-2 Estimating
o p @ ©/(0y) (Simplified Eq)

D, = Clearance (inches)

1
G « 4.5 Lb/ar, - 30 Lb/Hr.Ft.2
534 x x ligj[ (Mass Vel.)
D, = .035
by - 024 x1.25x ( 30 )8 8.92
(.035)-2 '
BIU/Hr .Ft.2 OF
I S L
UA hgdy ~  B8.92 x .15
Ua = 1.37

Temperature inside is that of the b2ryllium bulk tempera-
ture (being supplied heat from drilling by conduction)

The quantity of gas required is taken from electric
motor requirement

T, of gas entering is 660°R
T, of gas at drill matrix = 1022°F

Coefficient BTU taken ty gas per hp = 8.92

qQ = —2T___ 8,92 x .15 x 247 _Fl‘i_-f__"ig 330 BTU
HR Ft.2 OF HR

let At , = 50 °

B-14
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At. = B%1 - Aty

m
In Aty

A;t02

At = 362 - 50 - 312
n 362 - 50 5.8917 - 3.9120

Aty « 32 o 1576
1.9797

9, = UA Aty

=1,37 x 157.6 = 218

%, = Approx. 1/2 due to return flow
Yo+ a4 ~ 20 + 109 « 327 BIU

Roughly estimating the drill conditions in vacuum would
suggest supersonic velocity of flow except as modified by drill
chip loading of the gas. This minimum flow velocity can be
estimated from Ref, 1 for preliminary study.

There are no emperical formulae for heat transfer in-
volving helium in any Htandard Handbook. The usual heat con-
siderations involviug fluid flow in a round pipe do not apply
to the torus area for fluid flow in the lunar drill. The rock
will heat-up from radiation and provide heat force to the gas
conduction from two directions simultaneously. It therefore
seems logical to assume 80 per cent heat capacity effective.

The quantity of gas and its condition must first be
estimated from the overali drill system. See Fig. B.7.

B-16
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FLEXIBLE PIPE
DRILL BARREL

HEAT RADIATING

ELECTRIC FRAME
MOTOR Qe
Qm

GAS
% PPLY /) ___EXHAUST TO

7 ] ATMOS PHERE
- %

i O
r / Q,_,s Qa_-:
A, A,

CONSCLIDATED ROCK

Figure B.7. Preliminary Sketch Installation
Lunar Coring Device
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o
Yot .
RS A Inlet area to each state, Ft.<
{See Fig. B.7)
L
i v Mean velocity in #t./Sec
[ v Vol. Cu.Ft. per Lb.
‘E P Pressure, p.s.i,
ri U Internal energy of fluid, BTU/Lb.
h Heat content, 3TU/Lb.
j‘ Q & g BTU/Lb Heat of gas in state "g"
. Qy & ap BTU/Lb Heat of gas from electric motor
] Qg & qg BTU/Lb from drill rod
s 1 QU & BTU/Lb from bit heater
X, | 410 ¥ Uyp
- & 8TU/Lb from bit heater outside
g Shp & % /
- &
R - Aol) Energy expended in friction

RA21 Energy of lifting debris from drilling bit
f} At points G, M. R, 1 and 2, the nota‘ions

V, vpand U are velocity, volume, pressure and
-l energy at each section
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By evaluating the gas flow at the bit first for flc«
rate estimate to keep bit clean

Hughes Tool Co. (Ret. 1)
Preliminary feasibility study Pz. C-5

A = 8-41 Ft./SeC.
Py, = 16 From Cha .

R = 9

Diam. Shaft 1.260

¢

.

g% = 1.065

- R . 9 ..
Vs Pyp 16 5625

Vo = Gas velocity (for air)
Vg = Particle velocity

Vg = Relative velocity

(Eq. C-4) Qp = Vo 8y Ft.3/Sec
Ap g2
An B2-1

= Ay = &, 1.32 x 1070 Ft.2

~ Ay (g2-1)
Ay HBB

e = Vo 4

= 8.41 x 8,07 x 10°T x 3600 = .02k Ft.3/Hr.
Standard air

B-18
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If we ratio air to helium on the basis of Reynold's
number

(air) By _ 1549 . g
(£ ) TRy 193.5

S PE——. L L ]

i) sl heid  biwed  load st bl

Q (Helium) = .02kk x 8 = 196 Ft3/Hr.
Standard conditions
Weight He = U Lb/359 Ft.3

Q = _“-’3‘__5;% = .00218 Lb./Er.

This will not b%e the controlling quantity of gas
needed by the drill system.

Gas required to cool the electric motor will exceed all other

. requirements due to the estimated heat loss of the motor:-
N g 700 Watts - 360 Watts (Work)
] 340 x 3.413 1160 BTU/Bx. N
(3 .:‘:
- The heat of the motor will be absorbed by the gas flow.
. The gas will then be cooled by radiation from the R section <.
: of Fig. B.7. It will then pass down into the drill bit picking-up

- heat and debris which it will exhaust into the vacuum of the
lunar environment.

The gas supply 1s assumed at -40°F and 14.7 p.s.i. The
quantity required is estimated to hold motor temperature below
i] 300°F or 7ANCR.
¥

Gas energy eaqvation

hp - hg: ax Cp (Tg - TM.)

B-19
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Heliun Data:
Critical t =  1450,20F (or 9.80K)
P, = 2.26 ATM (33.222 p.s.i.)
v, = .231 Ft.3/Lb.

Gaseous Helium
w = ,01039 Lb/Ft.3

at 68°F and 14.7 p.s.i.

Gas constant R = 386.3

PV =RT
Vi _ Fgvg wef. Fig. A7
Tl T
g
1.7 x bk x -
01039 - 1.7 x 1k x Vg
528 500
V, = 91.3 Ft.3 Per Lb
hg = CPT = 1.25 x 500 = 625

BTU/Lb.

The electric motor cooling will depend on the values of
heat transfer coefficients which will be designed into the assembly.
These may incorporate fins as needed to accomplish such criteris
as 300°F meximum temperature for the electric motor working at
maximum condition for one hour at 700 Watt input power.

The qQuantity of gas 1s here estimated from drill bit
regquirements A12 - A21 as a start.

B-20
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‘ e

Minimum velocity of 8.4l ft per sec for VEl flow continuity:

’\ V Y V 5
v - 88 - MM _ %R o< fpVa o faVa

g M R 12 21

5 .. 4
Foemad

v 1s volune per unit weight

R
vpsrad

\Y is velonity Iet S = volume of section

is cross sectional reas

y 34 i i A
restriction is in o1

baoremsed

L000TL £t3 x .534 = .000378 £t3

e

821 = A Ip;y

g} S,,= Aplyp = 000793 £t3 x .534 = oook23 £t3
% ? Sy = AR 1'_.R

: SM = AM HW (est. requirement)

j Sg = Ag LG {est.)

Because AEl is most likely choke point for flow of gas if 1L.7 psi

; syster is used this will provide constant pressure throughout system.

¢, = 1.25 Btu/1b/°F Heat capacity
e
é h = u+ APV
P T a Temperature (Gesired) Ref. Fig. B.7
!
l : B-21
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System  S(ft3) Changes  Btu/chg. 1b. Weight  Hg Esti-  Design
Section  Volume per sec. (req'd.) per change mated h T OR
G 076 1 - 1.668 x 1073 1.048 500
M .0k32 4.0 add 3.6 v 107 .3 760
.05 +.0805
R 25,7 .012 remove .21k 26.8 660
-26 8
A 000423 1h,1 2.27x% 0 ° 2.16 x 1072 1022
12 ,
Avg.
A .000378  15.75 2.03 x 10°6  1.93 x1073 1660
el (min.)
Calculations

o1 maximum allowed T21 =

1660° R (max. to protect material). The weight per change criteris is

Weight per change may be estimated from A

used for this study in lieu of heat trensfer coefficients as a scheme
t0 roughly estimate quantity of gas required. Therefore design re-

quirements start with bit velocity 8.41 ft/sec. Number of changes

rer sec = -8-5»% of v21 = .000T71 3 x .534 (effective heater

volume),‘ .000378 x é%i—

.006 ft3/5ec.’ 5.27 x 107 1b/sec.

‘Phe corresponding V12 = .000L423 ft3 but the gas per change will be
modified by temperature difference. Cooling data for the bit can
be referred to time in seconds.

The conduction and forced convection heat remival from the drill
bit must take into account the temperature rise becoming uniform
throughout the thickness of cooling air. The stone surface tempera-

ture will be practically the same as that of the vit due to heat

B-22
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radiation stabiilty on these surfaces. The cooling alr thickness
of ,020 and .035 for Vo; and Vyp respectively will have a tempera-
ture gradient from both walls and a heater efficiency of 80 per cent
would be conservative at these velocities.

332 - 3.6 - _.0915 BTU/Sec.

3600
s 1 x ___.000378 .0915 = .00542 BTU/Sec.
%21 .80 7000378 .o00k23 s 2 [Sec
Required BTU for fng L005k2 000345 BTU/Chg
15.75
For A, .09157-5é005‘*2 = 0495 BTU/Chg.

The volume .007. x .54 is calculated to be 1022°F when it
leagves Axy

Vi o PaVo . o 1384 # 660 _ jgooR
T T 2 2
1 2
14.7 x 14k x ,000378
Wa Weight per Ch. = 1022 x .01039
1.7 x b x 1
528

=~ 201039 x .000378 x 528

2.03 x 10-6 Lb.
1022

h21 of Helium = Cp Tw

= 1.25 x 1022° x 2.03 x 106
£ (Eff.)

= 1.93 x 10”3 Heat content
estimated from design (arbitrary) conditions

B-23
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PR -2
hlE » CPTW =1.25 x 1022 x .00042§ 2.03 x 166: 2.155 x 10~
.00037

BTU( Heat )

Then: -
oy -y = Oy (T - Tpp)

Since the meximum temperature is 13.6°R at the matrix
of the bit and 660°R at the top or section 4y - Ay of ¥ig. B.7
there is a heat loss which pey be offset by work doune on particles
of debris during velocity in aAo;.

Calculating against the stream of gas cooling tc 660°R
is assumed.

The weight of helium has now heen established as 15.75
changes per sec. x 2.03 x 10-6 Lo. = 3.51 x 10-5 Lb./Sec.

= .1265 Lb. Per Hou-

Coupere & design temperature and volume for hzlium as it
leaves ‘.he electiic motor

T, = 300°F 4 460 = T760°R

Cooling then takes place until the drill barrel
penetrates the lunar surface.

(2) Jdinimum length 3 Fi. of drill extension pipe
1.25 0.D. Outside area = .982 Ft.2.
This pipe and the entire drill-rig will radiate
heat. Some additional heat will be generated
by the geared drive and puildown. Allcwance
is made and a conservative estimate follows
frouw assumptions as follows. (Elect,Motor
Hax, Temp. 200°F)

(1) The hot temperature is 660°R throughout
the drill pipe and stanchion

(2) Temperature yradient (Fig. B.7)
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Heat conducted through 321 Stainless Steel = g

UG w Ky By (6 - tp)

X

/ '7-'8
K
3.3 "

7 /
672 DEG F /100 392

Figure B.3

Let K, = y  and:-
Xp =% _ X -X]

Y2 - ¥y y-n

-x1) lyo - -
< x-x) lyy -y1) +yalxe - x3 )
2 -X

vy = (1100 - 672)(12.8 - 9.3 x 720
(1392 - 672)

Y

K & 11.85 (Figure B.8)

Lo A Ao = 502 Ft. (.025 Wall)
A = L3 Pt

Ap w 202 - 943 _ 039 = .964 Ft.2

n 9N3 5413 - 9818
.982

B-28
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Q. , 11.85 x .96k (700 - t5) 760 + 660 _ 700° av,.
] 2

S
.025 ’
12

If the I.nar temperature is takern as 3T4O9K (Ref. 41)

t, may be found from (Ref. 1)
Q= o F, a(n*-T)) Bry/mr. (Rer.61)
where Tl is equatonn (Outside temp. of pipe)
g, = Q
9 = %5__ where i = LKA' = 025 . .000182

11.85 x .96k x 12

Est. q_ = 100 . .0162 BTU/Chg.
3600 x .012

At = 0162 X .000182 (Est.)
_ -6
<2.95 x 10 negligible

to = 760 °F = T, Ref. 6l

e

T, 374 Ok
From Chart Ref. 61
if 61 r .53 Fe = .4
62 = 06 FA = .9

Q = 1160 BTU/Hr. from electric motor

PTS

Q = LA73x 100 x .4 X .9x A (7661*- 3741*)

Totel Area = Large pipe frame etc.
Solve for area.
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An 1160 BrU/Hr.
A3 x 108 x .9 x (76 Y T
(3140.57 x 1078 )

A = 9.6 F4.° which can be done, see below.

The value hy - by depends on the number of char.ges
of gas per hour which will share in the total Q@ = 1160 BTU

First trial b changes per sec. ellows the area
to be 9.6/4 = 2.4 Ft.2 radiating.

1160 BTU/Hr. = 26.8 BTU/Chsrge of Gas
3600 x .012 (From Chart)
hy -hg = 26.8 ‘= Cp (Ty - TR)(W /Chg.)
26.8 = 1.25 (760 - 660) w

—————— 214 Ib,
1.25 x 100

The volume required

Since 1 cu. ft. at 68°F and 1b.4 p,s.i, = .01039 Lb.

PV A7 x 1k x

T . 660 = .214 Lb/x Cu.Ft,
N M xihTx32 .01033 Lb/Cu.Ft,

T 528

.21)"' X 660 ~ 25.7 Ft.3
.01C39 x 528

Volume/Chg.

The motor, M, may be installed with a characteristic
heat exchanger design and some knowledge of overall heat transfer
coefficients gained from tests ox extrapolation of existing Leat
exchangers. For this preliminary study heat conduction alone
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at 704 system efficiency may produce rough values
say .05 Ft.3 around motor
70% efficlent for heat conduction-convection

\
hm - hg = CP (Tm - Tg,(w/change)

1160 BIU/Er o 3002 = 1.25 (760 - 500) #v

3660 x 4 x .8
W = .00031
4.7 x 14k x v
760 . +00031
134 x 14,7 x 1 -01039
528
v = 0432

hy, =~ 1.25 x 760 x ,00031

i = 341 BTU

Required gas for each design conditicn: -
M .00031 Lb/Change x 4 = .0012k Lb./Sec.

R .214 Lb/Change x .0l¢ = ,002568 Lb,/Sec.

LR
A b ne bt aren

A, 00000227 Lb/Change x 1k.1 = .000032 Lb./Sec.

Ay)  .00000203 Lb/Change x 15.75 = ,00003197 Lb./Sec.

LAY Al

L A

Cbviously the flow will have to be uniform throughout the
system. Since the “R" condition can be made to follow the system
by varying the reflecting area this need only be reduced as needed.
The motor heat flow depends on the .05 volume and the weight of
helium per second which is critical to maintain a maximum of
#l T60CR at the motor.
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Corrected ialues tor flow should be made on the basis of
,00124k x 3600 = 4,5 Lb, for 1 Hr.
and 6 hours gt 280 x 5.2 = A1 x h.<
T00 2
- 1.85
Total weight of helium = 11,10 + 4.5
= 15.6 Lb. Est.
The helium gas container will weigh apparoximately 10 Lb./Lb.‘He
resulting in a total tankage weight of 156 Lb. Therefore, if
helium stored in the LEM i1s not available for use in the lunar drill,

some other gas having a lower overall total weight must be con-
sidered if rotary diamond coring is employed.
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APPENDIX C - ROTARY DIAMOND CORING FEASIBILITY TESTS

}
i
. The mechanics of rotary core driliing are difficult to precisely analyze due

to the nonhomogeneity of rock materials. Factors such as basic composition,
] mineralogy, grain interiock (texture), structure and other factors influence the

! drilling toughness of the rock material. As a result, the power and optimum
drilling parameters required for drilling a block of rock may vary significantly,
depending on the drilling direction with respect to the rock grain structure.

One theoretical approach to the prediction of rock shear strength as related
to compressive strength is given by the formula:

s = & tan ¢
where s = shear strength
iy o = compressive strength
¢ = angle of inte:rnal friction or shearing resistance,
5 ¢ may be obtained from fne following relation:

= °C=45+—$-

where of = angle between the horizoutal and the failure plane.

Foth compressive strength (o) and shear strength (s) depend on properties
] of the rock such as interlock of grains in the igneous and metamorphic rocks,
i and bonding or cement in sedimentary rocks. In addition, the value of ¢ is not
a characteristic of the rock, but depends on the characier of the shear phenomenon,
especially the rate at which the shear force is applied.

oo
i

: ’ Another more practical, but empirical formula @ for relating driliing pene~
tration rate to axial load, shaft rpm, cuiting area, and rock characterictics ic

; given oy: .
H P, = K _ PN

r r
- PrEDy
! where P, = Penetration rate (feet per hour) joo
P = Axial load on bit (pounds) §
] N = Shaft speed (rpm)
{, ADy, = Difference between OD and 1D of core bit (inches) i

_ ft. in,
) Kpr = Rock constant +. 75 - rpm)

Various rock constant values (Kpr) have been experimentally obtained by
several testers 1) under a variety of operating conditions. Results of these tests
{ 1 indicate the difficulty of obtaining precise factors required to adequately predict
the drillability of rock material. In addttion to the rock characteristics, the ori-
entation and condition of the diamonds within the drill matrix will also affect the

- Kpr factor. However, this equation will be subsequently used for comparison

} purposes with the drilling penetration rates obtained during the feasibility tests.

" C-1
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Standard Wide Kerf Core Bits

General, - The first series of tests were performed using wide ker{ "set"
and "impregnated" type bits. The advantage of this type bit is that the wide cut-
ting kerf allows clearance for the use of an inner and ouicr core barrel; the outer
barrel transmits the driving torque to the bit, while the inner barrel slides over
the core during the drilling operation and protects it from the shearing action cf
the outer rotating core barrel. The inner core barrel remains stationary with
respect to the core, and the rotating outer barrel is rotationally load isolated from
the inner barrel by means of roller or ball bearings.

Modified Set Dizmond Core Bit 16925--1 (7/8-inch core x 5/16-inch kerf). ~
The maximum granite biotite gneiss penetration rate attained with this bit was
20. 6 inches per hour with a rotational speed of 1160 rpm, an axial bit pressure
of 411 ~ounds, and a power expenditure of 2200 watts, Use of these parameters
in the empirical formula with & granite Kpr of 1.5 x 10-6 reveals a theoretical
penetration rate of 13,7 inches pex hour. Although the 2ctual penetration rate
was higher than the predicted rate, neither is satisfactory for the ten-foot coring
device due to the excessive power and bit pressures required.

Modified Impregnated Diamond Core Bit 16925-2 (7/8-inch core x 5/16-inch
kelr't). - The penetration rates attained with the wide kerf impregaated diamond
it were also unsatisfactory. With marble, a penetration rate of 10. 8 inches per
hour was attained at a power expenditure of 1500 to 1800 watts. The granite bio-
tite g1 elss peretration rate was found to be 7.5 inches per hour.

Conclusions. - It was concluded from the wide kerf bit tests that acceptable
penetration rates cannot be aitained witlin the power restrictions of the LEM
vehicle. Therefore, the remaining feasibility tests were conducted with the
narrow kerf (thin-wall) core bits. Use of this type bit, however, reduced the
total cutting area clearance thus prohibiting the use of a double core barrel.

Special Design Narrow Kerf Core Bits

General. - The second series of tests were performed using set diamond,
thin-wall bits. The advantages of this type bit are: less driving power required;
less axial bit presrure; and reduction of heat generated. The disadvantages of
this type bit are: amaliler cutting clearances which result in higher frictional
loading between the hole wall and core barrel; and the incorporation of a core
catcher becomes more difficuilt.

The driving power for the thin-wall bit feasibility tests was supplied by a
nominal 500-watt, 24 vdc motor which was capable of operating within a range of
300 to 1000 watts. The preliminary design for the rotary lunar coring device was
designed at a power input level within this range. Typical test results from the
thin-wall bit coring tests are presented below.

o C o .
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Thin-Wall Bit No. F62990-4 (1-3/16-inch OD x 1~inch ID).~Two marble penetra-
tion rate tests were performed with this bit which resulted in 134 and 135 inches per
hour respectively. Bit pressures of 50 pounds, speeds of 1400 rpm and power input
levels of 600 to 648 watts were required. These parameters are well within the
acceptable limits for the ten-fooi coring device.

Subsequent granite biotite gneiss tests with this bit resulted in reasonable pene~
tration rates for a short neriod of time. At a bit pressure of 50 pounds. rotational
speed of 2200 rpm, and power input level of 950 watts, a penetration rate of 60 inches
per hour was obtained. However, dulling began to cccur after two inches of drilling
in the granite biotite gneiss, and the penetration rate dropped to 19, and later to 7
inches per hcur. Complete dulling of the diamonds was evident at this time.

Thin-Wall Bit No. F62990-5 (1-3/16 -inch OD x 1-inch ID), - Granite biotite gneiss
penetration rates were obtained at a lower rotational speed o.” 1450 rpm, axial bit
pressure of 50 pounds, and power input level of 600 watts. The drill rate of 5.9
inches per hour was considered unsatisfactory. The core bit diamonds dulled after
two inches of drilling.

Thin-Wall Bit No, F62990-1 (1-5/16-inch OD x 1,120~inch ID,-The rotationai
speed was reduced to 600 rpm, and the axial bit pressure increased to 300-400 pounds
while maintaining a 600 watt power input level. Tha initial granite hiotite gneiss
penetration rate was 30 inches per hour, but soon dropped to 7 inches per hour after
diamond dulling commenced.

Thin~Wall Bit No. F62990-6 (1.145-inch OD x 1,035-inch ID),-~Penetration in
granite biotite gneiss was conducted at a rotational speed of 2400 rpm, axial bit pres-
sure of 50 pounds, and *nput power level of 690 watts, A penetration rate of 30
«.nches per hour was obtained for the first several inches until the core bit diamonds
dulled.

Thin-Wall Bit No. F62990-2 (1-5/16-inch OD x 1.120-inch ID),-A series of high
speed tests were performed with this bit using softer materials such as marble and
sandstone. A rotational speed of 2650 rpm, axial bit pressure of 48 pounds, and
power input level of 600 watts was maintained during these tests. A penetration rate
of 76 inches per hour was attained with the sandstone, and 34 inches per hour with the
marble. The core bit dulling was much less severe with this material as comparea
to the granite biotite gneiss .

i
;g JE

A series of bintite schist penetration tests were also performed with this bit as a
rotational speed of 262¢ rpm, axial bit pressure of approximately 50 pounds, and a
power input level of 600 watts. Initial penetration rates of 39 tv 5¢ inches per hcur
were attaired., However, bit dulling occurred after four inches of drilling, and the
penetration rate decreased rapidly to 6 inches per hour,

Thin-Wall Bit No. T-13951, C-18725-5 and C-18724-6.~A series of tests were
conducted using the special design Anton Smit thin-wall bits as tabulated in Table C-7.
The three bite a1 e fabricated with impregnated matrices possessing soit, medium
soft, and ve , soft alloyed materials. Again, the core bit mairix materials would
not abrade satisfactorily to expose new diamonds, and rapid dulling of the outer layer
of diamonds occurred.

C-3
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Conclusiona. -1t can be concluded from the initial thin-wall bit feasibility tests
that satisfactory penetration rates can be obtained within the power limitations of the
LEM vehicle providing the diamonds remain sharp. However, diamoad dulling
occurs within the first several inches of drilling in the harder materials such as
biotite schist and granite biotite gneiss, thus reducing the penetration rate to an
unacceptable level. The best penetration rates were obtained at the higher rotational
speeds with nominal axial bit pressures.

The initial lunar coring device was designed viith the above parameters incorpor-

ated. However, the feasibilily tests subsequently demonstrated that the pure rotary
ulamona approach would not be usable within the restrictions of a lunar operation.

FEASIBILITY CORING TESTS

Tables C~1 and C~2 include the results of the standard, wide kerf coring bit
feasibility tests. Tables C-3 through C-7include the results of the initial thin-
wall bit feasibility tests.

C-4

S e 3 R ot Bl n e e bl 8 gt B e Ca s e RN

Sttt §

b

V-



ER 13952

LT 0321
0} o}
8°8 00¥ g2l 28 1°€ 01 0611 | 0887 0°LT | SIT SEE | Paseaxou] YIM b# Jeadayy S
2Ingsaxd Ng
A 4 002 g11 é8 €°¢ 0t €87 | 08¢exY ¥°81 | ST1I See | paseaxdul PIM g4 readay i 4
QUON 081 001 é8 v'e 01 00S | 02Tl 01 ST 9871 uoneajsuad mad €
(pocs y3tH)
V/N V/N 28 a8 £€'¢ ‘01 0941 096 2°'6 { SI1 V/N 189J, pB0TT-ON JoloW (4
(poadg morT)
v/ V/N (4] 8 £°¢ 0t 0c6 008 0°8 SIT V/N 189, PTOI-ON 10jJ0N 1
IH/uy do |do MO} dg UL WJID { ISd | Wd4a [snem | sduv | sjfoA ‘8q1 Sy1BWIY ‘ON
ey |dwog | duwrag | dwog, ‘sgaag 1891
maa ng Iry Jue[00) 030N ng

SLEAL ALITILISVAL IDIATA DNIHOD UVNAT LOOJI-NIL "1-O0 HTdV.L

KI10jeioqeT (IBE ‘¥96T 1oquisdaQ S-¥ :1S9] jo 90%Bld B 9jeq
(moN) WX T paepuels parfIpo (puouiel( 19S) 1-G2691# vond], eyeq Nd Suriod
SS[9UD OJ[jOTd o31UaD  PoIsa, [ElIBW
OVA GIT 'dH S ¢ [euemiiadxy and
uotjerjausd Nd [11G =sa]l jo adLy

MOJOW 1TiXd

C-b

e e

[FRET



-

*‘Burysyjod jo aouapjAe pomoys SpuowlBlg ¢
*901A9p Buixoo asun] j00j-ue} J0j I9mod pue
aansgaxd yonw 003 seambea (3aay ,,97/8 ¢ ‘A 1.S¥8 X ‘A "0.09% 1) 31q odA3 pIrpueis jeyy sejedIpU] 1891, °Z

gﬂ%‘-:;.: P R -
¥

o

)

R ..:\,,, ot v it

. SRR R Ao VN . ST

Ce o sy CRAC GRS 4 amm.ns.xu.mwwvmww&wﬂ,
LN Ak Tl =

"L

*8joY woJaj 1BAcwax uodn A1seipewiwl] posnssow eamjeredwal g ‘1 ‘890N
0061 0°8T
0} 04
20°L - A 8L L°8T| 02 80%| 008T 0°LT | STI 069 9)ey M0]d IFV 98BaIOU] 6
gyl 6°'0 LIV, 0961 0°8T
0} 03 0} 0} 03} 9ansgaxd g esealou]
FANS | ove o¥1 28 1'¢| O1 00%| 0981 0°LT | SIT 068 pue W4y °seaasvaq 8
3 .
] ¥'1
] o
= 6°91 0t2 o¥1 28 €°¢] OT1 | o02IT| 0032 9°02 | SIT 1P 9+ yeadoy L
T sanssaad
03 [N g passBaaou]
902 022 (4 A 28 €°'g 0T | 09TT| 0002 0°02 | s11 (484 qUM S# yeadey 9
I H/¥1 do MNO| Jdg Ul ndg ISd| WdY|swnem |[sdwy [ej[oA | °sqT syIBway *ON
atey | dwegl, wa}! dweg, *gsaxd 1891
[aa nd I1V 1uB[00D J030I { ug
(*w0D) S1SIL ALITIFISVIS FOIATQ ONIYOO HVNAT LOOJI-NIL ‘T1-0 AIEVL

Cc-6



ER 13952

*901A8p 3ura00 aBUN 300]~U9} J0] A103OBJSTIBS ST IOYIION
*S§31q paBp .88 puoulelp 338 03 poredwoo s8 puowus;p peysulsadwiy YIim 889] 9jEX UOIBIPUSG ‘T 890N

021 81¥| 00ST 091
03 8°L o} 0} 0} olqIey ut
80T -~ LTT 68 03 0°'6T] 02 0T%{ 008T 0°LT 1T 8LL 189, uoieajsuad (4
0e¥] ooLt 0°91 ssroun
SLT 0} 0} 03} epo1g 9jIueIs) ut
S'L - P11 8L 016°'02| 02 egh| 0091 0°ST S11 8.9 1s9], uonjeIjsuUad 1
IH/ul Jdo | do MO| d, 4l WJID| 1Sd| WdH | SHEM | SdWY | SIOA | -sq1 ERECITES | “oN
ajey |dwoy, | dweg| dwal _ ‘ssead 1salL
nua nd 1Y JuRjo0)d JI030 k14

P96 19qUIa0d9(g L :183] JOo 90B[d B NE(d

(WoN) WX PIeputis PONIPOIN (PUOWEIq poreudodui]) 2-G269T# OONIl, ‘eyed 31g Supiod
STGIEIY Pue B79UD 6J1I0Td SITUEdD . ‘paise], [elIofen
OVA GIT 'dH G ‘2 (Buewiiedxd (Bd X100l IHd

Uorjexieuad 1d II2A 5389 Jo adAg,

SISIL ALITIEISVIL HOIATA DNIHOO HVNAT LOOJ-NIL °'2-O ATdVL

C-7



ER 139562

i!?.v P o)
.

*a10y woJj reaowax uodn ArareIpewmiy paanseaw aanjeaadway g °Z
*oanggead J1q peswaIoU] pus WJH JOMO]S JOj pRIBeSad

©q UBO I0j0W [[3UM pOnuTIUOOSIp SuT}ee] s8TOUN ANOIF °BID  -Surysiod Jo SOUSPIA® POMOYS SpPUCWBY] T 890N
(arv
G2 1€ jueisuo)) pIoH |

ST peorT [ect130s(d) 1891
6°S 001 6L gL 0321 {02 | 0OS%T | 009 0°S2 ! 0°¥%e 0g uoljsIjouad [Nl 4
V/N V/N gL €L 0°PT |61 | 0°GT | 882 0°2T | 0°¥2 V/N 1991, proI-ON J0JOW T
dH/ul do |, MO | dq UI WJD |I18d | WdY [s1em - | sduy| S3[0A | °SqT . sjxBmey "ON
ajey |dweg | dwayg |dwag, ‘8893d 189,

mxa ng I1Y JUEe[00D X010 ng

SLSAL ALITIFISVId IOIAHEA DNIIOO ¥VNAT LOOJA-NIAJ. “€-N ATHVL

I0YeI0qe] U9 $26¢ Joquodad 81 389 Jo s08[d ¥ 398d
(®8N) '@ 1.1 X 'd 0.8T/€-1 - I[eM WYL puowre|q G-06629.0# 00nIL ‘ereq 3d JurzoD

SHTOUG SIN0Td ojuedy  ‘PeIse], [slIaeN
§dIWV 02 'OdA %2 [ejusmriod<d s ‘X010l TIXd
uopieIjeusd d 1A 599 Jo adAg

C-8




ER 13952

e w3 BELY
L red T g S,Jmfuwxw”-&%mmﬂ?g AL

"TBLISJBW SIY) Y314 SaMOY § U 395] 06 0F JUSTBAINbS ojex uojeIuad °Z

"9[0Y woaj reaowax uodn £ ajeIpawiwi] paanseawt oxnjeradwol g T 890N

ye1 001 82 €L €1 0c | ST¥T | 009 0°SZ2 ] 6°%2 s T# 189, jeaday (4
SET 001 LL €L (4 02 | 00PT | 8%9 0°L2| 0°%2 0S 199, uonjeIloUdq 1
IH/ul dg [Jd, MO | I UL WJO | ISd | NdY M |sdwy | sjjop | °sqT] sSyIBWaY ‘ON
ajry |dwag, %Ema dwe *8saad 1891

naa s a1y JUBj00) JI0JOIW nd

£xoyeIoqeT ARY ¥961 1oquiada(q 81 59, Jo a0®[d B ajeq

(MaN) @1 w1 X ' 0u9T/€-T - 1IBM WYL PUOW¥Id 70662944 Oondi. :eyeq g Suriod
SIqIBI :Pos9aL [eLIajEl

SANV 02 "OdA ¥2 - (oW dadxy O¥g X010l [nad

uoljeIjousd I [{1ad 989). jo odAy

SISIL ALITIHISVII IDIATA DNIHOOD HVNNT LOOJA-NIAL "$-0 ATdVL

C-9



v

!
_
!
}

("d1.S80°1
X A0 uSPI°T)

0 - - - - - | oo%z | 069 o¢ £3 0S 9-06629-d# 0on1], ]

L - - - - - | 0022 | 069 o €2 0S c# yeadoy 9
#-066294# conxL

61 - - - - - | 0062 | o0s9 14 92 0¢ 189, UonEIIAUSd ¢

- - - - - - | osue | ev1 g'g 9z | w/M 189, peo’I ON ¥
(‘c’1 La

X ‘'O 4«91/8-1)
$~06629~ g% 2onILL

- 09 - - - - - | 0022 | 096 1 8¢ 0S 189, ucTIenjuSy H
w
n
m A .h—., .h ul
] X ‘0 0 u91/8-1)
¢-06629d# 0oN.L],
9 - - - - - 1 osv1 | 009 62 $3 0S I8, uonEIIOUSg b4
- - - - - - | osst | 882 21 ¥2 V/N 189, peoT oN I
IH/u] Ao o MO | dy ul |WJID | ISd | WA [sWem | sdwy [SI0A | "SQ7 SISy ‘oN
ajey |dway { dwog Iduwag, J *g891d -1 1ssL
maa nd Iy juB[o0)D J030N ng
AJoyeloqeT QRE G961 AJenuEf [1 :389], Jo 89%¥ld ¥ Ned
uoyjoeg syleway oog ‘eyed g 3urio)
SETOUD 03[0Jd ojiuedd) :Pejsol [BLISIEIN
SANYV 02 'O0A ¥Z - [ejuswilIadxy Q%4 -i0ic [13a
UOjeN)ausd g nad 189 Jo odAL
SISAL ALITIFISVAI IDIAAA DNIHOD HVNAT LOOI-NIAL °S-0 FTdVL
.vtgs.iii;‘fsxet.?nii::;!iatx;.:;:%.Z! .. - At-_ " \c.; ,...vu‘ . tmuu%,:w:.mmwx?@&w, %vwfwuwlfmﬂ.,wv«v;mm.wﬁﬂ

Cc-10



. - . e

v, 14 Zo vl g
L S S5 .
I | RN

e

ER 13962

- P S S R R Mﬁw
* £prdex ooy TP
0} POpuR) §31( ‘IGAGMOH °6# PUB ‘L# ‘g4 53803 Suranp o1qeideosor 8938 UoljeIioUad SSTOUY) S3]J0TH SIIUBID  :S89J0N
00%
) - 082 | 009 14 ¥2 | -oo¢ 64 yeodoy o1
("aQ1.021°1
00% X ‘d 0 .91/5- 1)
0¢ - 08¢ 009 4 ¥e -00¢ 1-06629-d# OONIL 6
- - 0se 061 8 1 (4 0¢ 1291, pEOTI ON 8
IH/ul d o WdY| sueMm | sduy | s3foA | "sq1 SyIEW3IY "ON
arey dwag, ‘gg2ad 1891
maa nd A1V jJuejoo) 100N ndg

(*3uo)) SISHAL ALITIHISVAL ADIATC DNIHOD HVNAT LOOI-NIL '$-O0 TTEVL

| S

Sy

| S—

'
(—

| S

LA——  S—

Cc-11



*BUITIIP JO S9YOUT g IO Z JIOYE ISTYIS OITI0IE SY) UL SAISSIOXD SBM 0Jel SUrfmp 31q oQ
‘I9AOMOH  “31q 8100 Jo BUITMP O] AX9A YIIM S[GIBW PUE Su0ISpuUEs SurIoo oTiys orqeideooe sajea uoneIouUsg 800N

uon
T - - - 01 (114 o¥¥2 | 009 14 ¥c 214 —eJjousq ISTqog ajnjorg 6
uoRn
9 - - - 01 02 0816 | 096 oy ¥e 8S -BIjPUdd ISWIS jP0Td 8
uop
0T - - - o1 02 00€2 | 0¥%8 414 ¥e 4141 ~BIjousd ISTYog 93301d L
uon
(119 - - - (1)1 (114 08%2 | 03L 0¢ ¥C €9 ~BIjousq ISTYOg 9313014 9
uon
6¢ - - - ot 02 0292 | 009 414 2 8¥ -BIjeusagd ISWO8 9InoIg ]
¥e - - - 01 (114 0292 | 009 14 4 4 4 uorjeajauad a[qrepy 1 4
N
0
K 9. - - - 01 02 0592 { 009 414 33 8¥ uonjerjsusd c<uojspuesg €
- g.n
m 68 - - - 0T 02 0292 | 009 | 144 ¥C 8 —BIjousd 3Ismog Ijnorg 4
- - - - - - 00TE | 823 S°6 e V/N 189, peoi OoN 1
rlum\ﬂ do [do MO| I, Ul | WAD ISd | NdY |SHeM | sduy | S}OA ‘sq syjIBwIey "ON
ajyey dwal |dwoeg| dwog ‘ssald 1891,
(1181 ng I1Y jJuejoo) JOJOIN g

I &)

Alojeroqe] 9 'S96T ATenuef gg-1z :Iso] Jo 90®[d B areq

_ ‘ATu0ZT TX "A’O u9T/S-T - 2-06629-d# oonij, eyeq g Suraod
UOT109S SHIBWAY 99§ :Pojsa, [BLISTEl

SdINV 02 "OQA 2 - Teuawiidadxy ard 100l [ILid

uoneajausd g [MAq 1891 Jo adLj,

SLSAL ALI'TIHISVAL ADIAAA DNIHOO YVNAT LOOJI-NAL '9-0 ATCVL

C-12



ER 13952

Ty - - o T e R R SRR -

096
i8I < 02 | G9g -6¥8| 03—s€ ¥a SLT S-SZ8I-O N W¥/1 T L
3°9¢C S 02 | 00s 096 0% ¥e LT G-9gL8T-D NI u¥/T 1 9
0%8
0°v¢ 9 02 | 065 | -0TL| Se-0¢ ¥e QLT G-QZLST-D N u¥H/T T g
0°91 g 0Z | Oge 098¢ 1 ¥e 09 TS6ST-L N . F/T T 4
(Burpno aapgoegge
03 43y 003 poeds)
0033 TS6ET-1L N u¥/1 1 €
0L
L°8T S 02 | 009 -009| 0€-GC 7o 081 1968T-L W u¥/T T (4
009
¥°8 b} 02 | €29 -08%| 92-0% 1 4 orT 196ST-L 3L u¥/1T T T
IH /g do HoMO | do W | WID ISd | NdY | sneM | sdary [S3[0A sqT s3jaBwey “ON
?rey dura J, %Ew,ﬁ dma g, *8g9Iq 3807,
nIa ng ITY JUBT00D I0JOI ng

XIojeIoqe] A7 G061 AdEnIGed £ 380, JO 9o%ld 1§ oyeq
{5530N 008) 0K MON 0D JIWg-ucjily :Byed 3¥d SayIop
1STUOS OIN0TH _ :POI89.L TeII978

sdwy 02 'O0A 72 ~ T6juewaedxy dag 3010l TIEd
83551, O10H MC[[8US ~ UOQBHeueq 37d [T1Ad 389, Jo °dAL

SISHL AITNEISVAAL IDIATA ONDYOD HVNA'T LOOJI-NIL °L-D ATIV.L

C-13



* yPUOTIRIP MU 9godxe 03 A[jusiorpns
opeaqe 30U PIP [elI9JeW XLIJBly “dIeys usym AIOJOBJSTIES SBM G-CGZLET-D JO OOUBULIONISG °F
I3 08--09 *‘XIIJEy pejeulderduwy jJog AI9A ‘PUOWEL] [TEM-UML 9-PZL28T-D N 930D °¢
1118 03—-0¢ ‘XrNEl pejvuloadury 3JOg WIMIPSY ‘PUOUIE] [TBM-UML], §-92L8T-D 31d 2100 °3
1

11338 08-09 ‘XInel pejruldeadur YPyog ‘puUOWIBIT [TEM-UIYL TS6ET-L 4 2300 °T :Sajoy
009
'8 g 0z} 099 | -08%| ¢2-03 P2 00T -F2L8T~-D LI w¥/T T eI
08¥%
o $°8 g 0z | oog [ -09g! 03-ST| %3 08 -PZLET-D LI u¥/T 1 41
m £°01 S 0z | oge 09¢ ST 24 09 -¥3L8T-D LI u¥/1T 1 1T
ot ¥°8 g 02 | 08%Z 08¥ 02 ¥z 091 | (pouodawysoy) g-g9zZL81~D o1
= oSy
0°91 S 02| 082 | -¥92] 02-I11] %2 09 | (pouadreysey) G-S3LSI-D 6
080T
9°0% S 0z | 098 | -0v8| gi—sel 2 gL | (peuedxeysey) g-qzZLST-D 8
Ig/ay I, |doMO | do W | WAD | I8d | Wd¥ | 8HEM| sduy | 8310A SqT sy Izwoy *ON
ajea dure], | dwiog, | dumey 1 *8801d 89 L
g ndg ITy JUE100D 1030 g

{*3u0D) SISAL XIrTaISVIL AOIATA HDNTHOD YVNLT JOOI~NAL °L-D IV

,.
Lo et T e e T Rl e L L b
. e AR g e o g L g TR

C-14



ER 13952

APPENDIX D
PRELIMINARY DESIGN PARAMETERS FOR ROTARY CORING DEVICE

Several design approaches for the mechanization of the initial lunar coring device
were studied, The primary factors governing the preliminary design approach in-
cluded reliability, astronaut dexterity and handling capability, availaile power,
weight, and the preliminary results of the coring bit feasibility tests. A brief dis~
cussion of the three major design categories (refer to Figure D-1) which could be
utilized for the coring device is presented below.

Direct Drive Device

The simplest, and perhaps the most reliable, approach to the design of the coring
device would be to mechanize the technique employed in standard commercial, hand-
operated drilling machines. With this approach, the driving motor would be mounted
to a vertical column approximately thirty (30) inches in length. A low rpm, high
tornue gear and slip clutch assembly would be employed to drive the motor vertically
on the geared column. The motor would then drive the drill rods and core barrel
down through the lunar surface while simultaneously providing the required rotation
for effective drilling.

The major disacdvantages of this technique are, 1) the maximum depth of contin~-
uous drilling is limited by the length of the vertical drive column, and 2) the astronaut
would be required to add new sections of drill rod each tim.e the motor completes a
vertical translation alcug the drive column, The mcoupling of the original drill rod,
and coupling of the new drill rod would be reauired at ground level which would be
extremely difficult for the spacesuited astrouzut,

Continuous Feed Device

A more complicated approach to the design of the curing deviee would be tc in~
corporate a continuous feed mechanism. With this arrangement, the motor would
remain stationary near the ground level of the device, and its mechanisms would be
capable of driving ..ad rotating the drill rods and core barrel down through the lunor
surface. The major advantage with this technique is that the coupling or uncoupling
of drill rod secticua could be accomplished at wuist level by the astroraut, rather
than at the ground level required by the previously described method. The disadvan-
tage with this method is that a drive means (gear teeth, spiral, etc.) :aust be machined
iuto the core barrel or drill rods. This, in turn, would result in heavier drill rods,
end a wider kerf co=ing bit would be required in order to obtain the required ciearance
In the subsurface hole for the thick-wall drill rods. The feasibility tests have shown
that the wide kerf coring bits cannot be used within the electrical power iimitations of
the LEM spacecraft.

Intermittent Feed Device

The intermittent feed technique represents a compromise between the two previ-
ously described methods. With this approach, a vertical drive column would be em-
ployed to allow vertical translation of the drive motor. However, the drill rod driving
mechanism would be located in such & manner that coupling and uncoupling could be
accomplished from the tbp of the device (waist level) rather than at ground level. A
one-way clutch and drive device ocan be incorporated whici: will er~ble the thin~wall
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core barrel and drill rods to be rotated and driven into the lurar surface. Therefo:e,
the need for a geared or screw feed system machined into the core barrel is elimin-
ated.

The preliminary design 1or tke rotary lunar coring device incorporated the inter-
mittent feed technique. The core barrel and drill rods would be sectioned into thirty
(30) inch segments for compatability with the LEbi stowage compartment. The core
barrel and first drill rod would be assembled and "{ed" into the driving mechanism of
the coring device. During each driliing cycle the motor would initially start at the
top of the vertical drive column. Upon actuation, the one~way clutch and drive device
would "clamp the drill rod, and the entire motor assembly would traverse vertically
down the drive column while simultzneously rotating and applying axial pressure to
the drill rods. The driving motor would automatically stop at the end of its vertical
traverse (approximately 30 inches). Breakage of the rock core, reverse vertical
traverse of the drive motor, and removal of the 30 inéh core would require the atten-
tion of the astronaut. The core barrel and drill rod would then be inserted back into
the subsurface hole, another 30 inch drill rod would be coupled, and another cycle
initinted. Four such cycles would be required to attain a total depth of ten feet.

The coring device will incorperaic - low speed, high torque gear and slip clutch
assembly for traversing the vertical d .ve column. Use of an adjustable slip cliitch
will allow the axial bit pressusre to adjust autrmatically with the hardness of the ma-~
terial being drilled. A maximum unrest-ained vertical traverse of approximately
eleven inches per minute will be attainable for core extraction. Two rotational
speeds of 2400 rpm and 600 rpm will be provided for the coring operation. The motor
will operate at an approximate power level cf 600-800 watts, with a basic rotational
speed of 12,000 rpm. The drive motor, clutch mechanisms, and vertical drive col-
umn will be restrained by a tripod frame anchored to the lunar surface.

Subsequent fea:'lbilit'y tests using diamond core bits revealed that the rotary tech-

nique was not feasible for lunar application. The rotary diamond study was discon-
tinued, and the remainder of the program devoted to rotarv-percussion coring.

D-2
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APPENDIX E ~ PRIME MOVER SYSTEMS

Gas Turbine.-The possibility of excess aerozine 50 fuel remaining in the LEM
descent stage after landing on the moor. warrants the evaluation of a gas turbine as a
power source for the lunar coring device. This fuel would normally be abandoned
upon take-off of the ascent stage for return to the Apollo spacecraft. The fuel con-
sists of a mixture of 50 percent hydrazine and UDMH (Unsymmetrical Dimethyl Hy-
drazine). There is also a guantity of oxidizer available at a ratio of 1.6:1 to the
residual fuei. If this nitrogen tetroxide oxidizer is used at approximately a one to one
ratio, the gases generated will be at a cooler temperature.

The temperature may be held to approximately 2110° R and a turbine designed
for 1200° R exhaust to supply from .06 to .08 HP per hour per pound of fuel. At
approximately 0.5 HP required per hour for the lunar drill, 6.7 pounds of fuel per
hour or 47 to 50 pounds of fuel total would be required for a seven-hour mission.

The possibility of using residual fuel located in the LEM descent stage may war-
rant additional study effort. The high temperature gases could possibly be expanded
and cooled to lower temperatures before blowing into the drill cavity for cleaning and
cooling of the bit. A dual infection piston type motor using equal parts of aerozine
and nitrogen tetroxide timed for injection at piston top dead-center may be possible
with proper cooling. However, any process involving hypergolic burning of aerozine
fuel and an oxidizer is not recommended if the astronaut must work in the immediate
vicinity of the exhaust gases.

Pneumatic or Steam Drive Motor.-Use of a pneumatic power unit would provide
exhaust gas to blow chips out of the drilled hole and for cooling of the diamond bit.
The use of steam as an energy source is not desirable because the drilling debris is
a rock flour material which may jam the drill should water from the saturated steam
wet this material. Consequently, steam type power units will not be considered in
this discussion.

Similarly, a standard internal combustion engine must be eliminated because of
uncertain starting characteristics. Fuel and oxygen would become additional weight
items to a 5 to 7 pound per horsepower engine. Engine cooling gas would be required
to blow chips from the drill and cool tke bit. This would require large radiation heat
exchanger surfaces. The overall weight accumulation greatly exceeds that for fuel
cell power.

Pneumatic power might be generated from cryogenic. gas heated and expanded in
a pressure vessel receiving heat from the sun,

The gas quantity. Q, per second, corresponding to a required output work of 286
watt-hours of power may be determined from turbine requirements. A power turbine
using a gas of 30 psia, and possessing a 35% efficiency factor is possible with careful
design. A gas nozzle efficiency of 98% is feasible, and a pressure drop down-steam
of 50% may be used for maxiinum flow of gas. A brief analysis of this system is pre-
sented below, The conclusions drawn {rom this estimation of probable parametars
indicate that solar heat is insufficient by itself to provide the necessary heat caergy.
If a supplemental heat source were to be supplied, the weight of necessary hardware
configuratione excceds the LEM power source weight. This system is therefore not
recommended.
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Turbine Power Drive Analytical Model

ft-1b
Turvine power required = 286 x ggg—g = Zea

turbine gas flow: -

P=301b=P/2; P= €0 psia required

1/2
Flow thru nozzle ¢ = .98 x A ( 2_L3_9_) = T.0A
n .

P o5
pat L grams/sec (estimate for job)
- -4
p:hx%xlo3=2.7hxlo 1b/sec
.5
p) = .01655 slugs
If the area of the nozzle is designed for .005 ft2
q_ per second = 1.6 x .005 2.29 ﬁ
n .01655 sec
= 229 _ 6,361t 3 -3
U rvine - .35 3 from 8.82 x 10 ° 1b_ gas.

sec

If helium were used,
Helium at the critical state:
+9.8°R h = 12.25 Btu/lb
2.26 atmospheres = 9.4 psia
.231 cu ft per 1b
Heat capacity of helium at 168°R 4 14.7 psi
= 1.25 Btu/1lb/OF

Helium supply

= 231

area X volume

sec

T x WbV gy, 22:h x Lk x o231

160 9.8
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= 29.4 x 14h x .231 x 168 = ,J91 cu ft/1b
9.5 .7 x 1 ! /
n = cp () = 1.25 x 168
= 210 Btu/lb

Pressure 29.4 psia
2.7h x 107 1b/sec
T = 168°r

.791 #£3/1b

-— . —

\'2

Required pressure is &0 psi.
Requireﬂ.VQ 6.36F;/sec

8 82 x 1073 1b/sec

- Py v, T, _ 60 x 6.36 x 168
2 5V 1 7 x T9L
T 1
T2 = SSIOR temperature required at nozzle

Total solar input to a point at spec. latitude(sun radiant heat) (Ref.l41)

> 2
0= 1.3Tx 10° ERGS/cmE/sec = 0.1205 Btu/£t2/sec

Iy

\ fan should be used to improve heat conduction-convection and storaze
vo maintain 551°R. A preheater for the supply gas would be advisable
so 15 to assist the process of energy storage from the sun's rays.
Avail:ble energy from the sun for a L5® angle of the total is

% max = 1.37x lO6 erg/cme/sec x 230

o 375
T, .o
_b57 = 337 (Ref. 41)
Tequator 375 2
E, = .1085 Btu/rt /sec for 45° Radian.
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If conduction and convection resistance is R = K_.i" = 2.5

Zstimated ¢ = At = 551 - 168 = 153 Btu/sec/ft?
R 2.5

v At
2 AT

1)
©
(@]

q storage

g siorage = 2.T4 x 10H* x 1.2 x 383
= .126 BIU/Sec for helium.

bp - B = ¢ (T - Ty w Ref. 62

hy = 1.2 x 551 x 2.7k x 10~
= 2.41 BIU

hy - B 2.3525 - i

4 = 2.3535 Heat that must ve absorbed.

2.30% 18.65 times as much required heat as can be
-126 stored (approximately) ;

Soler heat alone is not adequate using helium gas.
It could ve supplemented with electrical or chemical heat if !
such a derign were to t2come necessary. ;
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Electric Motor Systems, -An analysis of general AC and DC electric motor sys-
tems must be conducted in order to determine their relative efficiencies operating
from the basic LEM DC power scurce at various radii from the vehicle.

The DC electric motor systems exhibit many inherent characteristics which are
readily adaptable to operation directly from the basic LEM power source. The pri-
mary advantage is that a DC motor can be designed for direct operation from the
power source without the requirement for additional power conversion equipment.
Any asscciated equipment required for power conversion will result in power losses,
weight increases, and additional comple.:ity which must be compared with the advan-
tages to be gained by its employment.

Preliminary information regarding the characteristics and capabilities of the
LEM power source indicate that the available power allocated to the lunar drill sys-
tem will be limited, and output voltage levels may fluctuate over a wide range. These
facto:'g further increase the desirability of a simple DC system,

The primary advantage of an AC sgystem is that the equipment weight may be less
than that for a comparable DC system if the operating distance from the power source
to its utilization point is relatively long. The DC voltage would be converted to a
relatively high AC voltage at the fuel cell by use of an inverter, and transmitted over
a light power cable to the dxiil motor, Use of a low voltage DC motor requires higher
line currents and heavier cables in order to transmit the sarae power load as the
higher voltage AC system., Thervefore, the additional inverter weight and power loss
of the AC system must be compared to the higher line weight of the DC system in order
to determine rvelative efficiencies.

Four motor systems were selected for this analysis, one of which will approxi-~
mate the operating parameters of the final design for the lunar coring device. These
representative systems izclude:

26VDC Motor (3,800: 200 rpm, low speed)

26VDC Motor (28,000: 200 rpm, high speed)

208V, 400 CPS, 3-Phase Delta Motor (3,800: 200 rpm, low speed)
208V, 400 CPS, 3-Phase Delta Motor (28,000: 200 rpm, high speed)

The 208V, 400 CPS, 3~-Phase Delta system was chosen to represent the AC systems
analysis because its power-density efficiency is greater than the lower 30, 50, and
60 CPS AC systems.

A constant LEM power source output of 26VDC at 500 watts (0.67 horsepower) was
assumed as the input for each system. The objective of the analysis was to determine
the power-weight transfer efficiency (HP per pound of system weight) of each system
with the lunar drill located at various distances from the LEM vehicle.

2+ SR i st 0

Table E-1 (DC and AC Motor Systems Equipment) itemizes the equipment and
parameters used during the analysis of each of tha four motor systems, including
weights, efficiencies, and power losses. Figure E-1 (DC and AC Motor Systems
Weight) illustrates the weight of each motor systein (excluding drill support frame,
core barrels, etc.) operating at various distances from the LEM vehicle. The in-
creasing weight with increasing operating distances resuits from the weight of the
power cables for all systems, and slight chunges in motor dexign with the DC systems
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to compensate for the relatively large line losses. Figure E-2 (DC and AC Motor
Systems Power Output) illustrates the actual horsepower delivered to the drill by
each system operating with an input of 500 watts (0.67 horsepower) from the LEM
power source. This graph reveals that the DC low speed system is the most effi-
cient (exclusive of weight) for operating distances up to approximately 400 feet. This
distance represents the efficiency cross-over point, and the AC low speed system be-
comes more efficient for distances greater than 400 feet.

Figure E-3 (DC and AC Motor Systems Power Density) is a normalization of
Figures E-1 and E-2, iilustrating the horsepower delivered to the Limar drill per
pound of system weight. The DC low spzed system is again shown to be the most
efficient for distances up to 350 feet. However, the power losses in both systems
at the 350-400 feet range represent nearly half of the total power delivered by the
LEM fuel cell. This relatively large power loss would probably be unacceptable for
the lunar coring device application. Operating ranges of the order of 0 to 100 feet
appear more appropriate, unless subsequent analysis reveals that a self-containe!
power source is feasible.

As a regult of this analysis, the following conclusions can be made:

1. A DC low speed motor system is recommended for the lunar coring device
within the weight and power restrictions of the LEM vehicle. However, this ,
preliminary analysis is based on an assumed output rectational speed of 200 ‘
rpm. It is possible that the recommended basic motor rpm for the final
model may differ somewhat from the 3,800 rpm used in this analysis, de-
pending on the results of the optimum rotation speed feasibility drilling tests.

2. In order to minimize power losses, the operating radius of the coring device
should not exceed approximately 100 to 150 feet. This can be defined more
accurately upon completion of the coring feasibility and power requirement
tests.

E-8



ER 13952

. \W.m».,m G.m‘“mﬂ

. L

juewdmby swesdg J0j0W OV PUe 0d “I~F SIqel

6°0 6°0 g1 €1 spunod -1ufam
s3uriitd Snooue[[oISTN
02 0z 02 02 178 M ~JOMOd
9°g A 4 $°'6019°% £97010°% spunod -jgdiom
durng 3urjoo) 1030l
£L°0 506 °0 €L°0 S6°0 KLouarotyd
6°¢ 82 S°LO0F 0°803L°2 spmod -1q31oM
001 61 4741 61 oyey umo(q-dajs
adeig-~-g 98e18-2 a3ei5-g ode1s-2 xog Je3D
SL°0 680 €L°0 L8°0 Aouerotyd
2°2 811 629%°T 0°S1 M S I1 spunod -343roM
wda 000 ‘Cz ‘OV | wdi 08¢ ‘OV wdx 000 ‘8% ‘O wmdx 008¢ ‘0 J030I (11X
3 0001/ VL% \J 0001/V¥1'¥ 33 0001/-v8%9 0 13 0001/8%9°0 XM YoeHd -20ue}sisay
"33 0001 7 0001
/Sq] €6% *¥1 /sal 68¥ “¥1 13 0001/591 IS ¥ 0001/5q1 1S spunod -jus1om
wnuruniy WNUIny WUy wnuImny adL],
0z# ‘axm T 0Z# ‘@1Im [
‘PI# ‘9XIM € ‘pif ‘dam g 94 ‘aaim g 9# ‘oxmm g erqe) xemod
02 02 V/N V/N IBM -I9M0d
8% 8y V/N V/N Spanod -1ystom
dumg 3urf00) I9jI9AUL
€L°0 €L°0 V/N V/N Aouarorsyy
S6°L G6°L V/N v/N 3punod -jy3rom
v-¢ € ‘802 v-de ‘802 V/N V/N adej[oA ndinD
J93I9AU] 95eyd ~99IYL
(dH L9 ) 008 (dH 29 °) 008 (dH 19°) 00¢ (dH 19°) oos s1eM-Indino
9oanog Idamod WAT
OV-poads yStH | Ov-psads McT OQg-poeds Y31y 0Qq-paads mo] sasjemexed juemdmby

ma)sAS I0J0W

E-T7

w
}
5




S a4y = IES—— byt T ey A - Ratema st el Vet aaasste < ————aL ————- o v T T— ——— AV — —— e vepm— - pop—

s T § e mrsote W ran b [y [—— [N — RN

T
i1l
1
1
-
1
J ) g
ST
.v 13 w e
T s
a s
L¢ 4
assar P < & fd Ty {an] P
sunsa’ [/»] .| WEBE ™~ H
1 W. } LN & -"\1
b T 1 O : t =i H -
1 - ; 3O : @
7, waAh o
(@] H Hr H <
' res B + Y
! Hr iy H 3
1T [aR t5as
L .
=+ e E "..rv 1 wm
e pes o
[a¥ S A s a5 T -
oy B E s H w
N H B &
o A H £ B
O Bt H B B r
fout ¥ N B 3
~ o 1 i 1 H HE o o
0 T T e P E= 3 =
D TN MO et + T Ffiss ®©
e £ ZEd O 4
o 4 Rt L
L 414}
= : i g
H IR g
HHE T
R Q
L] ] - <L D
1
pusey »
ot s HH 1
e IHT QR .
H =41
SH R ]
: S HE Ot o
; " P m
HH + :
: !
; i 3 =
:
H
n [ess e
]
b - H
M ) B B )
I 11
L B B
1 3 s b
N { 1 e - B T 115
? 1 ). 13 T
- 4 1 8 L g
e ’e o 1 " 81 WOAH- F_L_)Hi 1 ﬁ.,_rﬂ._ I ¥ T
I Hi ! HH LHOIHAM WALSXAS HOLON T




R A oy

ER 13952

. HEHE
sng = om
] <
=
: t H &
g i : 3
: By
H T ey T
LT : R B
] 1 1 u r 'mmxmm P
stk
¥ o O 2
2 ZiEH @
3 P H it H Mm &v
I HH zas Bl B
HH 1 o L HAHH 8 o
: d O Ak 2 ®
T s o T < H nm
3 = = o B O ©
= = - A B HH <
s 2] A e HE o
w - wmmm Hp HE
Hr 3 ¥ t a4t O 15
& O ZE A O
| =¥ o T #H A
m.. i Cmmw mairhase 3 (O] X gaan .
m Hmmwu_ T < HEE - 1 m-n siiatst o
t xm s - ! Clr 18 E
~ g _ < TS : o
m Bl lm
] _ i
+ H
e e i 3 e P
. FOUNOS HAMOF WO¥L LNdINO (dHL9°0) LILVM 008 HIIM TTTHA OL HAMOJdASHOH

- T e T S ST o T o N oy SRR oo B svstnss B evomces B qowes S oo B o B T —— I - DO BN



ER 13952

Ll . L Sernan o, | M - Racan Tl e mme —— - .. e mes i e bt Wl
T IS P4 I E, S Ted LEITT + T 3
T a{se i . g + +iHEE T +
it 1 H T ;‘._5 HEEH T T
e 1 SIS R S A ..4._ pa
: £} SRS & KaRApaanas s E
i) 1 S A HT HI R 2
34 1 ! 1 LSRR §38aL 1H
33 i deBaiizafidas B §
»
a agendn
4. TLIITTT - -+
1R B HH L4341 -+
i3 it S383) HSREEaRRaISSRSREAE R N
Ssyes beddd is Rpases
43 8 NeREE gapuanni ubn 4
EESTIERIGE : s 1HE i
; 434 1 11 Ly HaE H b
I TF T apgan T ¥ enden wm sdmlaa
53 E¢4 00 X85S Eide : e n JOEEar . H 1) B3 H
-+ gt =g . - 4= 44 - u“ S = " E oty
LR |7 S8 IRRgETaxs TG = ] b
i + R S 8
T 7 =2 dpasdne sundupn ansfliges -
Hii i I'H (- ug sins B o afent
1 -F i 44 T 444 |- -{-b444 § +1 4+ - G - 11
12 B3 “Hivr = 3 azdaaagmadushapgun . 4
N T; ] o H H puayinsnd el Adegdu by m o
O H mengshnifsiies fEeid ods Reangabe e
S Hitit ! a4 TR L Q ol isass
RHiHL RN ppiagid R tHE : daapREtdadfat Q a3 HE+ Bs
2 “ RHHT BRS
. o -4 4 o 4o 4 = 4, oL 4 -
B A H sExa : i : T BHH
15 } Hi it i HIH 1 i HH
> H ot gamng go HTHTRST T iacializes
T SeaidRgc Silanlrsalss
1 i . $Rkdels e i i gassgr m? tE oH ..”umm"
. T RESSpygeggsnnags gyanpyapay s g g saany
4 1 8 " 3 8 g . HH ¢ R
1114 Ruoegapan & WAES §d LRSI 434 FEE S X c B
hegabpanat - : T
. } AT R H O B
131 i T 8§3=T33]5d LT 4
- o dpsseqpaapRaatEigiidgastiadincaat sty T rL § 3 53
It X .ﬂ 2 TR T E ﬁ 3aL3NCHT . £531 =1 BHH
s 1 B
11147 .. na p (5]
= pressgmugEye TH T =
i RH il o
a¥s gaste Enags e { mH
L3 1 T11 644 34 4] TR e W 3 0 e A A S
i I AT ibsasal it s O
by sp=mpga egrerasyysspuspay
T HE HEH T e : R
$28s 1H$LH] i tHTH
s
T RS sngsgerpenagann
b HHIT T TR um W
s AR TeTarE it 22 . s
¢ pot 4 .“U 44 HuW. - peandy 5 =%
1HY 4 : 11 T HH B4 HE
PR YR S ERRE B0 34 : AggFaS ¥R AypsEguuw - w0 s
SEEREIRY RN ST =
BRI E REtHIE T =]: - :
3 it =als 5
SEES IREIE I5NE sstabicibil tHH T o] H = ¥
Sud R EREIATS 5388 ke 1 v =fes)
T H py &8 1l T = sgais
11ty .+ S ey fetnltoniadstls HEt 41 443 O 7t
il o] pay SSSgRaRRpRA ARRS 4. <
it e T L 1 " -ne I [HHH 1
3hss sed 3 rHH p T
= 414 M “ C
- v o4 o 1 -
fass 4 H R H 1 ¢4 m «
EH i T H s H
o -4+ e e -4 bt [ 414 -4 + hu \-h.- - -3 : 9T .
nd «gn dhhu ;1.%.. 1 Lh—rw rr]. - Tt 1t “un.u
:
oy 2 ve 13 M (43 ; puann K == d * v
3 3ol T 11 t Ak St o o 1
m Y uudeon \aad + tHHH R HHHHHA XTI Heod-13 3tk
f
g-0T X LHDIIM WIALSXS AN1QOd ¥3d HIMOJIISHOH
o . , e = - . .

Figare E.3. DC and AC Motor Systems Power Density

E-10



XR 13952

APPENDIX F - SELF-CONTAINED ELECTRICAL POWER SOURCES

Operation of the lunar coring device from the LEM power source presents obvious
restrictions on the operating racdius and available drilling time. The incorporation of
a self-contained power source would alleviate these restrictions if the additional pen-
alties incurred are not prohibitive. Based on current and previous analyses of vari-
ous space systems, potential power cources <re reviewed belov/.

Power supplies can be generally classified into two categories: 1) chemical reac-
tion systems which are time-limited and rated in kilowatt hours, such as batteries,
fuel ceils and chemicai dynamic systems; and 2) continuous heat sources which are
not restirictively time-limited, such as solar concentrators, radioisotopes, and nuclear
systems. These, together with energy cunversion systems, such as the photovoltaic
devices, are generally employed in applications requiring operating times greater than
a month.

Figure F-1 (Power System Selection Curves) illustraies the general power output
range and operating times for which the various power sources can most efficiently be
emploved. Other power source selection criteria are based on weight, ease of inte-
gration with other systems, simplicity and reliability, and growiu potential.

Batteries.-The simple battery is a desirable power scurce choice for applications
of relatively short duratiors and modest power demands, such as the lunar coring de-
vice. The battery exhibits a maximum in reliability, while requiring 2 minimum of
checkout time, possesses a relatively long shelf life, and does not require a thermal
radiator in the spatial environment. Figure F-2 (Power Density of Battery Systems)
illustrates the relative weights for various types of batteries. The nickel-cadmium
and silver-cadmium batteries are somewhat heavier, but their potential recharge cycles
are Zreater than the lighter weight silver-zinc batteries. However, the lunar coring
device battery would require few, if any, recharges on the lunar surface and the silver-
zinc battery would be adequate.

A typical silver-zinc battery systeiu applicable for the lunar coring device could
censist of four (4) parallel sets of fourteen (14) series connected Electric Storage Bat-
tery Company SS-25B cells. The power density of these cslls, encapsulated and
sealed for the lunar environment, is 37 watt-hours per pound. The system would be
rated at 24 vdc, with a total power capacity of 2100 watt-hours. The package would
occupy approximately 0.6 cubic feet and would weigh 70 pounds.

Low discharge rate silver-zinc batteries are currently available which possess
power densities of 100 watt-hours per pound. Although these batteries are not cur-
rently usable with the lunar coring device, projected technical advances with high dis-
charge rate cells are anticipated to obtain power densities of 50 watt-hours pey pound.
This would allow a weight reduction of the 2000 watt-hour battery to the 40-50 pound

range.

+

WP WEi PRI

The magnesium meta-dinitrobenzene '"tape battery' system under development for
NASA by the Monsanto Research Company is curreatly in an experimental stage. Its
developers foresee a possiblie system power density of 245 watt-houra per pound, If
the device proves to be practical for applications similar to the lunar coring device,
the 2,000 watt-hour power supply weight could possibly be reduced to approximately
ten pomds provided no thermal problems arise.

. F-1
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Fuel Cells.-The relatively high efficiency of a eryogenic hydrogen-oxygen fuel
cell is sccond only to a battery system. Fuel energy conversion efficiencies of 1.2
pounds per kilowatt-hour are attainable, but this is partially negated by a fixed system
weight of 210 pounds per kilowatt operating level. The fuel cell contains very few
moving parts, the no-load losses are relatively small, and the system is reliable for
operating periods ranging from several days to several weeks. However, use of the
fuel cell incurs disadvantages which are not inherent with the battery system, such as
a relatively elaborate shutdown system, and a radiator is required to dissipate excess
heat.

Figure F-3 (Power Density of Fuel Cells) illustrates the 'fixed' and "variable"
weight-power characteristics of various power-level fuel cells. Ii can be seen that
a 500-watt fuel cell applicable for the lunar coring device would have a fixed system
weight of approximately 105 pounds, and a total weight of 107.4 pounds would be re-
quired for a total power capacity of 2,000 watt-hours. This, of course, does not com-
pare favorably with the 70-pound silver -zinc battery required for the same total power
capacity. However, the total power capacity of the fuel cell can easily be increased
from 500 to 10,000 watt-hours by the addition of 12 pounds of fuel for a total system
weight of 117 pounds. This compares very favorably to a corresponding silver-zinc
battery system which would weigh approximately 350 pounds.

Ckemical Dynamic Systems.-Figure F-1 (Power Density of Chemical Dynamic
Systems) illustrates the system weights of various power-level turbine alternators.
It can be seen that the fixed system weight of 25 to 60 pounds per kilowatt-hour com-
pares favorably to the fuel cell. A 2,000 watt hour capacity system would weigh
approximately 65 pounds. However, the relative complexity, bearing lubrication,
heat rejection, and other problems associated with the chemical dynamic systems
negate the weight advantages over the fuel cell and battery systems.

Photovoltaic Devices,-The solar cells employed in the photovoltaic devices con-
vert solar flux directly into zlectrical energy at efficiencies of 8 to 12 percent. The
efficiencies can be improved by employing reflectors or orienting devices. However,
the performance of these systems can be degraded by high energy r~diation and micro-
meteorite hornbardment. The '"N" on "P" type cells are about three times as radiation-
resistant as the "P'" on "N type and are most generally employed for spatial applica-
tions.

Figure F-5 (Power Density of Nuclear, Solar and Radioisotope Systems) illustrates
comparative power-weight data for the various "continuous operation' systems. A
solar cell system with a continuous operating capacity cf 500 watts would weigh approx-
imately 115 pounds. This would ropresent an absolute minimum for the lunar coring
device; a 700 watt continuous source weighing approximately 160 pounds wovld be more
appropriate.

Solar Concentrators. -These systems provide the energy to generate power directly
by employing thermionic and thermoelectric devices, or indirectly by the use of turbo-
generators, With the possible exception of radiation effects, the disadvartages cited
above for the solar cells also apply to the solar concentrator systems. Orientatior of
the concentrator system toward the sun must be more precise (accuracies of +0.1 de-
grees are required), thus resulting in a heavy system even though the theoretical effi-
clencies are high. In addition, the static solar power systems require power conver-
gion equipment while the dynamic systems can be designed to generate power at the
utilization voltages.

F-2
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It can be seen from Table F-1 (Comparative Characteriatics of Power Sources)
that a 500 watt thermionic solar c~ncentrator would weigh approximately 100 pounds.
The higher power 700 watt power source recommended for the lunar drill would prob-
ably require a dynamic system weighing approximately 175 pounds.

Nuclear Powered Devices.-These systems can be divided into two types: 1) those
which use radioisotopes; and %) those whick employ nuclear reactors. The radiciso-
tope is a low temperature heat source and is readily adaptable for use with the thermo-
electric devices. The operating temperature of the nuclear reactor is limited by the
materials used in the poiwer genzrating devices. The higher the inlet temperature to
these devices, the higher the power generating efficiency which subsequently results
in reduced radiator surface area requirements.

Nuclear reactor and radioisotope systems offer very compact and long duration
energy sources. The resultant radiation, however, dictates the use of heavy shield-
ing and possibly a remote locstion for tke reactor on the lunar surface. Also, the
selection of materials and components for other subsystems will be influenced.

Examination of Table F-1 (Comparative Characteristics of Power Sources) and
Figure F-5 (Power Density of Nuclear, Solar and Radioisotope Systems) reveals that
the weight penalties incurred by the use of radioisotope or nuclear reactors emgloying
thermoelectric elements would be probbitive. A 500-watt radioisotope device employ-~
ing thermoelectric elements would weigh 300 to 500 pounds; a nuclear reactor employ-
ing the thermoelectric elements would weigh approximately 1000 pounds. The mini-
mum operating range for the thermionic and dynamic nuclear reactors is above that
allowable for the lunar coring device.

The radioisotope generator employing thermionic elements is the only nuclear
system which could potentially serve as a portable power supply for the lunar coring
device. A 500-watt device could be expected to weigh approximately 175 pounds.
However, the weight of this device is also considered to be excessive in view of the
LEM payload restrictions and limited astronaut capabilities.

Tradeoffs and Conclusions.-As a result of this analysis of potential self-contained
power sources for the lunar coring device, the following conclusions have been made:

1. The incorporation of a self-contained power source for the iuaar coring de-
vice will require that a relatively large portion of the LEM 250 pound payload
be utilized for this purpose.

2. The continuous heat source devices (radioisotope generators, nuclear reactors,
solar concentrators, photovoltaic devices) are not feasible for use on the early
LEM missions which will not excesd iwo o three days. The minimum weight
penalty incurred by use of any cf these devices would be approximately 100
pounds, and it is doubtful that they could be transported and operated on the
Iunar surface by one astronaut. These power systems will be more practical
for the follow-on lunar missions when powered transporters such as the
MOLAB are employed.

3. The chemical dynamic sysiems (turbo-aiternators) are considered tc be some-
what complex for operation Ly the astronaut on the lunar surface, although the
power-density characteristics are superior to the continuous heat source
devices for short duration missions.

F-3
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The most feasible approach for increasing the operating range of the coring
device is to utilize a recbargeable silver-zinc storage battery(ies) with a
capacity of 1000 to 200G watt-hours. The storage battery power supply pre-
sents the ultimate in simplicity and can Le transported and operated anywhere
within the anticipated exploration range of the lunar astronaut.

F-4
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Figure F.4. Power Density of Chemical Dynamic Systems
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APPENDIX G - MOTOR ENVIRONMENTAL CONTROL SYSTEM

[em——

The following preliminary analysis was performed to establish the design require-
ments for an open-loop, liquid boil-off type environmental control system for the lunar
coring device motor. Figure G-1 illustrates the major components of the envirrn-

f ) mental control system,

[eS——

b Electric Motor Heat Load:

Assumptions:

mair

1. Motor performance characteristics as per Figure I.2.
2. Range of torque = 3.2 ~ 7 .0 ft.-oz. depending on rock hardness
3. Total heat load - Watts output - Watts output
Efficiency
4. Winding resistance = ,278 ohms (measured experimentally)

TABLE G-1, ELECTRIC MOTOR HEAT LOADS

Torque Input Output Input Total
(Ft-Cz) Current Power Efficiency Power Heat ’R Loss I°R Loss Speed
: (AMP) _(Watt) (Watt) (Watt) (Watt) (% of total) (RP:
. } 3.2 11 197 .72 274 17 34 44 6700 ’
’ % 4.0 14 245 .14 331 86 54 63 6500 7
) 4.8 17 290 T4 392 102 80 78 6350 "‘z
} 5.7 20 330 71 465 135 111 82 6200 'i
7.0 25 382 .64 597 213 174 81 6000 %

Mg

ra:-sw«:
&

Conclusions:

1, Heat load ranges between 77 and 215 watts
2. At the higher heat loads, over 80% of the heat is generated in the windings
(when eddy currents and windage are added to the I2R loss)

| e =3
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Figure G.1. Schematic Diagram of Motor Ceoling System
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HEAT STORAGE CAPACITY OF MOTOR (TRANSIENT COOLING):

Assumptions:

1. ZEnvelope dimensions are 3 1/4" diameter x 8" long.
2. 50% of the gross volume consists of solids, of which 80% is steel and 20% is
aluminum.
3. [Initial temperature is 200° F.
4, Maximum allowable temperature is 400° F.
5, Nominal heat dissipation is 135 watts.
Computations:
Gross volume = 3 x3.25°x6x_1 = .0288 ft.5
4 1728
Volume of steel = .5 x .8 x .0288 = .0115 ft.3
Volume of aluminum = .5 x .2 x .0288 = ,.0029 ft.3
Thermal capacity of steel = 0115 ft. x 480 _b x .12 Btu = .66 Btu_
3 1bOF oF
Thermal capacity of al = .0029 x 165 x .22 = .11
Total thermal capacity = .77 Btu/° F
Assuming no heat transfer to ambient (conseﬁaﬂve), time to reach maxizauwm
allowable temperature is =
Y0 - s
Conclusion:

Since the motor is to operate for 8 hours, a cooling system is required because
the thormal capacity of the motor is inadequate,

UNPRESSURIZED MOTOR HEAT TRANSFER:

Assumptions:

1,
2.

Internal heat load = 1356 watts (nominal)

Heat transfer by radiation exclusively

G-3
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(Continued)

3'

View factor from internal elements to case, F1c =1.0
Emittance of all internal surfaces = 0.9

Surface area of internal elements = 60% of case area
Maximum aliowable temperature of internal elements = 400° F

Internal dimensions of motor case are 3" diam, & 5" long

Computations:

Internal surface area of case = (W x3x5+2x M x 1.52) -
144 .

A

"

425 .2

Ai Surface area of internal elements = .€ x ,425 = ,255 ﬂ:.2
4 4
Q radiation = 21 Fie ei‘c“'(ri 'Tc)

4
s_afj - I%
135x3.41 = ,266x1x .9x ,9x .173 100, 10

. 4 4
or 12000 = 5470 - (T, \' _» (To\ _ _g430
100 100

The above means that for the internal elements to be at 400° F under vacuum,
the case temperature would have to be under 0° absolute temperature, which
is impossible to achieve.

If the case temperature is assumed to be 220° F = 680° R, then:

4 4
12900 = [T,
%0 _..i__) - (880 Ty = 1107 R = 747° F
100 100

Conclusions:

1,

2,

If the motor is unpressurized and the case maintained at 220° F by water evapor-
ative cooling at 14.7 psia, the internal elements operating temperature would be
approximately 527° F higher or 747° F,

Since the maximum allowable temperature of the windings is currently assumed
to be 400° F it is imperative that the raotor be pressurized.

G4 ’
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PRESSURIZED MOTOR HEAT TRANSFER:

Assumptions:

1. Nominal armatrre speed = 6200 RPM

2. Pressurizing gas: nitrogen at 15 psia

3. Diameter of armature = 2,18" = ,18 ft.

4. Maximum allowable temperature of armature T, = 860°R
6. Nominal heat lcad = 135 watts

6. Svrface area of armature = .255 ft.?

7. Internal surface area of case = .425 ft.z

Computations:

Velocity of armature relative to case = 33 D (RPS)

= 3y x 2.16 x 6200 = 58 ft/sec
12 80

1t is reasonable to assume that the velocity of nitrogen velative to either the
armature or the case is = 29 ft/sec

Properties of nitrogen at A 300° F and 15 psia are:
@ = Density = .051 Ib/ft3, Kk = thermal conductivity = .02 Btu/hr ft °F
M = Viscosity = 1,55 x 1070 Ib/ft sec, Cp, = Specific heat = .26 Btw/Ib Of

hD - 23 (_D_ve)'8 (_9&)'4
k SA k

hx .18 - gp5 (-18x20x. 051)°8 {-26 x 1.55 x 107 x 3600\ 0-4
.02 1,55 x 10 \ .02

h = 5.5 Btw/hr ft2 °F = convective heat transfer coefficient

Considering heat transfer by both convection and radiation from the armature
to the case:

135 x 3.41 = ( )(255+ .425) (860 —Toue)
5.5 55

4 T 4
+.266x1x.9x.9x,173 | 860 ) "__ { "case
' 100 100

(o] o
Toage = 644°R = 84° F
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(Continued)

In order to maintain the case temperature at 84° F, it is proposed to surround
the case with a wicking material which is kept moist by water supplied from a
connecting reservoir,

Conclusion:
By pressurizing the sealed motor case with nilrogen at 15 psia, the temperature

difference between the armature and the case is reduced to 316° F when the
former is maintained at a maximum temperature of 400° F,

PRESSURIZATION SYSTEM:

Although the motor case will have welded construction for maximum sealability,
some leakage will occur through the rotary shaft seal and the static wire feed-
through. Therefore, a leakage make-up system must be provided.

Assumptions:

1. Rotating shaft seal (silicone element) has a leakage rate of approximately
.009 £t°/hr

2, Static seal for electrical conductor has a leakage rate of approximately
.002 ft3/hr

3. Void volume = .0144 3

4, Operation period = 8 hours

5. Storage pressure = 200 psia

Computations:
Leakage make-up required = (.009 + .002) 8 = ,088 ft3
Density of nitrogen at 15 psia and 240° F = P_

RT
=16x144 = .056 b _
55.2x700 P

Total volume of nitrogen = ,088 + .0144 = ,1024 ft3
Total mass of nitrogen = ,1024 x .066 = .0057 lbs,

Volume of storage tank = .1024 x 15 x 1728 = 13.26 cu, in,
200

G-6
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(Continued)

X spherical, radius of sphere = ( 13.26 x 3) 1/3 = 1.47 inch
411

Using 1/8" thick aluminum shell, weight = 47y x 1.472x ,125x .1 = .34 Ip

As an alternate, a commercial high pressure cylinder, 5.953 inches long x 2.376

diameter can be used,

In addition to the storage tank, a pressure regulating valve and a “ransducer to
control its operation is required.

Conclusion:

The pressurization system will consist of a nitrogen storage tank (approx. 3-inch

diameter sphere or 2 3/8" diameter x 6" long cylinder), a pressure transducer,
a pressure regulating valve and the necessary piping.

BOTLING HEAT TRANSFER:

Assumptions:

Outer surface area of case in contact with wick = .483 ft?
Maximum temperature of case = 544° R

Nominal heat load = 135 watts

Volume of wicking material = 20% of volume of water
Density of wicking material = 30 1b/ft3

Computations:

From equation (4), Table 9, Chapter 4 of ASHRAE Guide (1981):
Byoiling = 37 (Tsurface "Twater) 3

195 x3.41 = .87 (504 - Tyqpey) ° (.483) (544 - Tyater)

Twater = 5337°R = T1°F
Byoiling = -37 (44 - 557)° = 126 Btu/hr #t? °F
Saturation pressure corresponding to 77 © F saturation temperature = .48 psia
Latent heat of evaporation at 77° F saturation temperature = 1050 Btu/Ib.

G-17
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(Continued)

Boiling rate = 135 X 3,41 - 44 I}y/hour
1050

For an operation period of 8 hours, the water reservoir should have a capacity
of 8x .44 = 3.52 Ibs.

Volume of water required = 3.52 x 1728 = 97.6 cu. in.
62.4

Volume of wicking = .20 x 97.6 = 19.5 cu. in.
Weight of wicking = 30 x 19.5/1728 = .34 Ib.
Specific volume of water vapor 695 £t.3/1b.

Vapor generation rate = ,44 x 695 = ,0845 1.3 /nec.
3600

Sonic velocity in water vapor at 77° F = 1320 f1.. /sec.

Minimum cross section of exhaust nozzle = ,()845 x 144
1320
= ,0092 1n.2

Minimum diameter of exhsus? nozzle = 4 x .0092 1/2 .117 inch
I

Volume of coolant jacket = 97.6 x 1,20 = 117 cu, in,
117 = [_ﬂ_ (3.25 x 23)2 -3.252] x6
4

Thus x = 1.35 inch = required depth of jacket

To allow some vapor to accumulate within ihe jacket, make the jacket internal
diameter 6 1/4 inches.

Using .040" thick aluminum sheet, weight of Jacket = (W X 6,26 x 7.5 +_x 6.252)
2

x.040x .1 = ,83 Ib.
Conclvsion:

In order to dissipate the heat generated within the motor, it is recommended that
the motor cass be surrounded by a well sealed coolant jacket 8 1/4 inches in
diameter x 7 3/4 inches long. The jacket should be lined with a wicking material
and charged with 98 cu, in, of water for each 8 hours of operation. A pressure
relief valve set at 9.48 psia should be . vided to exhaust the water vapor.

G-8
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COOLANT JACKET INSULATION:

Assumptions:

l.

2,

10.

Outer shell dimensions = 6 1/2 diameter x 7 3/4" long
Solar absorptance of outer shella = .20

Infra-red emittance of outer shell ¢, = .90

Incident solar radiation § = 443 Btu/hr. ft.2

Lunar surface emittance €p = .95

Heat flow through insulation = 1% of internal heat load

View factor to space from shell F,. = .5

SO
View factor lunar surface from shell Fgp; = .5

Temperature of lunar surface Ty = 700° R

Use NRC-2 insulation: k; = 2.4 x 107 Btu/hr. ft. °R

Computations:

I

Projected area facing sun = 8.5 x 7.76 _ gpp 2 . 5

144 L] L] P
Total shell surface area = [Wx6.5x7.75+ 31 6.5)7 ] L = 1.56 &t.% = Ag
2 144

Direct solar heat input = ot SA .20 x 443 x .36 = 31.0 Btu
“hr

Ag Fgy €5 €, 6 [ -Ts4)

1,56 x .5x .90x .96 x ,173 (700)
100 100

276.4 - .116 (Tg/100)% Btu/hr
Heat output to space = Ag Fgr € o § TS =1,66x.5x,9x.173 (TSS

106,
= .121 (Eg,(_) Btu/hr
10

Heat flow through insulation = 135 x 3.41x .01 = 4.6 Btu/hv,

]

Net infra-red heat input

G-9
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(Continued)

Heat balance
T\ % T\ 2
31 +278.4 - ,115 ( S) = .121( S) +4.6
100

100
Tg = 598° R Temperature of external shell

4.6 =5 Ag (Tg-Toapor) = 2:4x 107° x1.56 (598-537)
*i *i

%i = .00382it. = ,0046 inch required thickness of insulation
Weight of insulation = .02 Ibs. (from NRC chart)

Conclusion:

In order to maintain the coolant jacket at the required temperature of 77° F, it is
necessary to surround it with a .005 inch thick layer of NRC-2 multi-layer insul-
ation or equivalent., Also the outer layer should be coated with a solar reflector
coating with solar absorptance of 0.2 and infra-red emittance of 0.95.

WEIGHT ESTIMATION:

1. Pressurization system:

Nitrogen storage tank = .34 lbe
Pressure transducer = .40 ,
Pressure regulating valve = 1.40 .
Piping apd supports = .30 P
b total 2.44 i
2. Cooling system: i 5
Water jacket = .83 lbs | i
Wicking = .34 P
Pressure relief valve = 1.40 "
Piping and supports = .30 !
Insulation = .02 ! ! !
—e R
Sub total 2.89
3. Expendables: (For 8 hours operation) 1 i
Water 3.62 .
Nitrogen : .01 i |
Sub total 3.53
4. Granc Total 8.86 lbs. b

6-10 l.
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APPENDIX H

CORING DEVICE CABLEF TEMPERATURE

Assumptions: Q Solar
‘ + + + + . Q Space
1. Heat balance at subsolar point. ‘
Neglect conduction to or from
lunar surface., Neglect lunar
albedo since view factor from O O
lunar surface to cable is zero.
(See view factor calculations.) Q Lunar
Calculations assume steady state.
Temperature has been reached.
2. Lunar Properties,
a. ‘'Temperature: Assume 130° C
b.  Emissivity: Assume 0.90
3. Cable Insulation Properties
0.50 inch diameter, 100 feet long, double conductor
- € /€
Cable A 0.40 0.80 0.50 Notea.
Cable B 0.147 0.58 0.25 Noteb.
Notes
a.  Properties based on limited data available on white cloth
(Ref. 2) since no data is available ou cable coatings. Data
must be verified by actua! test on sample cables.
b.  Alternate cahle assumed to be wrapped with 8M - #850
aluminized myiar tape.
4, Conductor Characteristics (#6 AWG Alumirum)

W = 24,11b./1000 Ft.
Rpgo ¢ = 0.6480./1000 Ft. (0.1298R/100 Ft. Double Conductor)
o

0.004 (Coefficient of Thermal Resistivity)

Rigo = Rgo (1 +=4Y)
= 0,120 [1+,004 (80)] = 0.171

Rgp = 0.161n
Rizo = 0.1870
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22 Amps
20[ 1

15;

60 120 180 240 300 340 t (minufes)
TYPICAL CURRENT PROFILE FOR LUNAR DRILL

Assuming constant current:

Average Power Dissipation @ 80° C = .g_x (22)2 X 0.161 = 51,3 watts
Average Power Dissipation @ 100° C = -§-x 22)% x 0.171 = 55.1 watts

Average Power Dissipation @ 130° C = %—x @2)% x 0,187 = 60.4 watts

View Factors (Ref. 3)

it nnonn
o
(=)
[=]

Py Cable to Surface ’
2 Pi+Py = 1/2 (1 + cos ) = 1/2
Cable to Space, also 1/2

Lunar Surface to Cable
P2-PP1 = ____F____ = 1 =90
N2 - M2
Solar Input
Q Solar =S A A, = Projected Areas = .5 x 100 x 12
p p R

144
Cable A

40 x 443 x 4.17 = 4.17 F{2

739 BT/HR § = 443 BTU/HR/F}?

Cable B

L147 x 443 x 4.17
= 271 BTU/HR

H.2
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Electrical Heat Dissipation:

Cable Temperature ~ °C 80 100 130
Q Electrical - BTU/HR 176 186 205

Assuming cable temperature equals lunar surface temperature,
Q Lunar = 0 and Q Space = Q Solar + Q Electrical

Q Space @ T Cab'e = 130° > (266F, 726R)

Area = ,5x 7 x 100 x 12 = 13.06 Ft2
144

Q Space = A F4 € d (T Cable/100)*

Cable A = 13.06 x .5 x .8 x .173 x (:.26)% = 2515 BTU/HR

Cable B = 13,06 x .5 x .58 x .173 x (7.26)% = 1628 BTU/HR

Since beat loss capabi'ity (Q Space) is greater than heat to be radiated
(Q Solar + Q Electrical) cable temperature will be below and will 1 e~
ceive heat from lunar surface. For example, at

" ..'T Cable = 100° C (212F, 6.2PF)

QLunar = A Fj € ,p € (T ~urar® - T Cable?
S N T 100

Cable A = 13.06 x .5x .8 x .9x .173 (7.26% - 6.72%) = 603 BTU/HR

Cable B = 138 BTU/H:* (€ = .38)

Summarizing Heat Balance
T Cable °C 80 100 130
Q Electrical 176 186 205
Q Solar 739 739 739
Q Lunar 980 603 0 Cable A
Q Required 1895 1528 944
Q Available (Q Space) 1425 1845 2515
Q Electrical 176 186 205
Q Solar 271 271 271
Q Lunar 711 433 0 Cable B
Q Required 1158 895 476
. Q Available (Q Space) 1033 1346 1828

Operating temperatures are shown on Fig. H.1 for the above
heat balances.

H.3
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APPENDIX I - LUNAR DRILL LOA. SIMULATOR
EQUIPMENT DESCRIPTION

Lunar Drill Moto~

The preliminary prime mover selection for the Lunar Coring Device consists of
a permanent magnet, DC, mechanically commntated electric motor. This selection
was based on a system weight and power operating efficiency study.

The motor supplied with the Lunar Drill Load Simulator is similar to that employed
in the breadboard model Lunar Coring Device. This particular model does not incor-
porate the environmental ccntrol system which will be required for extended operation
in the high vacuum environment of the lunar surface. It is currently envisioned that the
environmental control system for the final model coring device will consist of a nitrogen
pressurized motor case with an evaporative water or glycol cooling jacket.

Performance characteristics of the lunar drill motor at 24 and 28 VDC input are
illustrated in Figures I.1 and 1.2. The efficiency of the motor ranges from 73 to 76
percent at the nominal onerating loads of 20 to 25 amperes.

Electrodynamic Brake

The lunar drill motor is mechanically coupled to the electrodynamic brake arma-
ture (copper disk) on the Lunar Drill Load Simulator. The motor-driven armature
rotates within the air gap between two pairs of field electromagnets. A controllable
DC current is supplied to the coils of the electromagnets which, in turn, creates a
variable magretic flux within the air gap between the two pairs of magnets. As the
copper armature rotates between the pole faces, eddy currents are induced which cre-
ate a restraining magnetic flux proportional to the armature speed and flux density of
the field magnets. Therefore, controlled loading of the lunar drill motor can be
accomplished by varying the magnitude of the DC current supplied to the field magnets
of the electrodynamic brake.

Flectrodynamic Brake Control Box

The control box contains a DC power supply which is operated from a 115V, 60 cps
power source, The power supply is a simple full-wave bridge rectifier employing
eight 1N538 diodes and an 80 microfarad electrolytic filter capacitor. Control of the
DC output voltage is accomplished by controlling the AC input pcwer wiih a variable
transformer. The variable DC voltage is supplied to the electrodynamic brake on the
Tanar Drill Load Simulator by a control cable as illustrated in Figure 1.3,

Power Cableg ' \

The Lunar Coring Device Design Study resulted in the prelimin:ry selcction of .
No. 6 AWG aluminum wire for the 28V power cable. Aluminum wa 3 sclected because 2
its resistance-to-weight ratio is less than copper. The study also ishowed that the ;
cable operating temperature in the lunar environment would be withia the limits allow-
able for aluminum.
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In the irterests of economy and expediency, a No. 8 AWG copper conductor cable
was supplied for the Lunar Drill Load Simulator in lieu of a "special order' aluminum

cable.

The msistivity of the No. 8 AWG copper (0.628 ohms per 1000 feet @ 20° C)

is sufficiently close for test purposes to the resistivity of No. 6 AWG aluminum (¢.648
ohms per 1000 feet @ 20° C).

The schematic and hardware employed in the fabrication of the 12-foot and 100~
foot power cables is shown in Figure I1.3.

OPERATING PROCEDURES

Auxiliary Equipment Requirements

Ammeter - A 50-ampere ammeter should be employed in the 28 V power cir-
cuit in order to monitor proper current loading of the lunar drill motor by the
electrodynamic brake and conirol adjust.

Cooling Fan - Relatively high quantities of heat are generated by the electro-
dynamic brake when the lunar drill motor is operated under load. The brake
assembly is not encased to facilitate cooling. I is recommended that an
auxiliary portable fan be used to cool the entire Lunar Driil Load Simulator
when operating the motor under load.

Power Sources - A 115 V, 60 cps source is required for operation of the elec-
trodynamic brake control box, and a DC source is required for the lunar drill
motor. The motor can be operated in either a cw or cew direction, but the
raajority of the drilling operation is accomplished with iLe positive voltage at
Pin A" of the power receptacle. The motor armature is currently optimized
for 24 VDC operation, but can be operated in the 20 to 30 VDC range.

Operating Inetructions

Connect power cable to Lunar Drill Load 3imulator. (A standard laboratory
30-ampere ammeter should be employed in this circuit.)

Skt

e AR DR R D RtV
RN 2 e
" s = e emie T
o, ool WEETRLT T v

Connect electrodynamic brake control cable to control box.

Lnsure that c.: 2! box power switch is off, and control transformer adjust-
ment knob is fully ccw. Connect control box power cable to 115 V, 60 cps
source.

Position auxiliary cooliing fan so that the air stream is directed across the
Lunar Drill Load Simulator.

Apply DC power to lunar drill motor. No load current should read approxi-
mately 1.5 amperes,

Turn control box power switch on, and adjust transformer control knob in a
cw direction until the desired current ioad is attaived in the drill motor power
circuit. Return transformer control knob to the extreme cew position to
"wnload" the lunar drill motor.

T Ry i
s S

’
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Note: It is recommended that ""load' tests of the drill motor be kept to a
minimum consistent with the LEM power system fest requirements.

7. Remove DC and AC power at the conclusion of the test.
Operating Power Profile

As a result of the initial Lunar Rock Coring Device Design Study, a prelim-
inarv power profile has been established for the drill. This power profile may change
somewhat as additional development of the lunar drill continues, hut the basic Lunar
Drill Load Simulator can still be employed for simulating these profiles.

The breadboard model coring device field tests have been conducted with a 24 VDC
input voltage, at average current levels of 20 to 25 amperes during the coring process.
It is anticipated that the final model drill will obtain the ten feet of rock core in 20-
inch segments. Asasuming the higher power level of 25 amperes the power profile will
consist of six, 600-watt power cycles, each ranging in duration from 20 to 40 minutes.
The duration of each 20-inch drilling cycle depends upon the harcdness of the rock toc be
cored, In cddition, a small power expenditure of approximately 120 watts for two
minutes is required for reverse traversing of the drill string after each forward (cor-
ing) traverse.

The coring device automatically stsps at -2 completion of each 20-inch coring
segment. Astronaut attendance is required for reverse traversing, removal of the
20-inch core, and coupling of a core barrel extension tube in preparation for the next
coring cycle. Therefore, the period of time between each 6¢0-watt coring cycle is
variable, depending upon the availability of the astronaut.

LONAR DRILL LOAD SIMULATOR TESTS

In accordance with contractual requirements, several tests were performad on the
Lunar Lrill Load Simulator as outlined in Gruman Aircraft Interface Control Document
LIS-360-22501, Although this document was not included as a requirement for the
original Lunar Coring Device Design Study, the tests were performed and the results
are included in this report.

A preliminary RF filter selection (Sprague Electric 30JX21) was made for the
motor, and comparative tests with and without the filter were performed., However,
the scope and time required for this ten-week program did not permit an exhaustive
investigation of the filter problem.

Load Generated Ripple (LIS-360-2250i, Para, 3.3.1.2)

A load generated ripple test was conducted on the Lunar Drill Load Simulator
operating at a 20-ampere load. A maximum ripple voltage of 3.0 volts peak at 12 KC
was measured with an oscilloscope. Tte ripple voltage amplitude was not improved
by incorporation of the RF filters. A 17 KC low pass filter wns employed to facilitate
the ripple measurement., The measured amplitude of ripple voltage exceeds the speci-
fication limit by 2.5 volts.

1-8
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Dielectric Strength (LIS-360-22501, para. 3.3.1.4)

A dielectric strength test was performed on the Lunar Drill Load Simulator, A
1500 VAC rms, 60 cps source was connected between the power input receptacle pins
and case ground of the motor. The maximum leakage current measured daring the
60-second test was 0.2 milllamperes, which was within the tolerance specification.

The 115 VAC rms, 400 cps test was not performed because the DC motor is not
considered to be a coil type device. If the test were performed, the relatively iow
AC impedance (approximately 1,25 ohms) of the motor armature would result in exces-
sive current and subsequent damage to the armature wire.

Electromagnetic Interference (LSP-530-001)

Conducted and radiated electromagnetic interference tests were performed in an
RF screen room as illustrated in Figure I.4. A NF-105 Noise and Field Intensity
meter was employed for the tests using two line stabilization units wired in accord-
ance with page 55 of LSP-530-001. Impedance curves for the line stabilization units
are illustrated in Figures 1.8 and 1.9.

Conducted Interrference.~This test was performed in accordance with LSP-530-001
(paragraph 3.3.1 and Figure 2) using lize stabilization units in both the positive and
negative power leads as shown in Figurel.4. Conducted interference racasurements
were obtained for boththe positive and negative input leads, with and without the filters.
The results of this test are illustrated in Figures 1.5 and 1.6.

Radiated Interference,~This t2st was performed in accordance with LSP-530-001
(paragraph 3.3.2 and Figure 8). The results are illustrated in Figurel.7.

CONCLUSIONS AND RECOMMENDATIONS

As {llustrated in Figures 1.5 and 1.6, incorporation of the Sprague Electric Com-~
pany 30JX21 filters resulted in a significant decrease in the vonducted noise amplitude.
However, the specification limits were exceeded at frequencies above approximately
2 to 3 megacycles. Radiated interference levels were also improved by incorporation
of the filters, but again, specification lin.its were exceeded above 4 megacyoles.

The physical location of the filters on the Lunar Drill Load Simulator is not opti-
mum for radiated noise suppression. T*~ motor case on flight models should be de-
signed so that the RF filters ar« completely encased. Also, time limitations prohibited
the investigation and test of other types of filters which may have been more effective
for this particular application.,

The following recommendations are submitted for consideration by NASA:

1. The Lunar Drill Load Simulator should be employed for the LEM electro~
magnetic interference tests in order to evaluate system-level effects.

I-7 N
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An extensive electromagnetic interference investigation should be included
during development of the prototype model coring device. Consideration
should also be given to the use of a brushless type DC motor if noise levels
cannot be attenuated sufficiently to meet LEM specifications. The additional
weight and other tradeoff characteristics of the brushless motor would re-
quire further investigation.

I-8
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ER 13952

CONDUCTED AND RADIATED ELECTROMAGNETIC TEST DATA

Type of Test

Test Equipment

Equipment

Serial No.

Radiated and
Conducted Inter-
ference

i Ripple Test

Dielectric Test

All Tests

NF-105 Noise & Field Intensity
Meter

(Filtron) Line Stabilization Unit
Pesitive Lead

(Filtron) Line Stabilization Unit
Negative Lead

Tektronix Scope Model 561

Dytronics Low-Pass Filter
Model 723

Standard Hi-Pot Tester

AC Voltmeter - Weston Model 433

DC Ammeter - Weston Model 901

I-13

1361

ME42143

ME42138

010251
650207

8321
78869

2-29

R TN

e A




anugpadwa] Jjuf) UOIBZI[IqEIS AUYT - *8°'] aanJrg
(OMW) AoNINdDIYA

1°

TR T 1
T

" 7 N 1
R R - _\X.TTWL.'.
i ]

r

=

T
bithciaard oo

N

i {

M M ot b - H

1 i4
} | :

X 4- 1

: ; A M

i - : —

i gh w 4 S o '
i 1 - !
it J‘N}?r“..m < 'Fuyl _
i O I - ]
.hl.«!qlA “

862 N/S

et

JNOLE TOPO ¥PIBN :
FWYO (g I8 PIIEUTW IS ], i : HT ! 02 !
eouspedwy jndup il A L Seunn - 1
30 eAIn) 98BIoAY ! M_T; i it Eaens )
JIOMION UOPTZIIIQEIS Tt p i+ e i
souspadur] auyl 4: i .f..l,;“__ ] - oL .l t
o - SETZF AW L6T-20TTF L IiATTLT I 1 it
D gl = : HIN
S _H BTN 0 0 O 14 1 i 444 d ot onm *
= g e o 0 o 1 T hiw i » N
& b HHE R +14 n ! < BORE
T T T i ” S
44+ )3 : B e Fot-1- } T rt 11 2
R T N AN il a
_.W + - L} 1] i . H .
} B i ! 1 oF = {
i+t - i1 R ; — s ]
! n s : et 2
A T ,. ‘ i i :
i s o5
IXTEEY den Hill ¢
[ /] - il
. v = B 28 B
[ {
| 1144 \
M ,\ |
ﬁ : : 09 }
Ty T .
] : *
i } B
M&w.ﬁn._ i M: M 7
it : h 1 I
BRI I L I 1 il T
“

SR, ¢ n G e

L2

-~ 2w

i



oouspadw] ITU] UCHBZI[IGEIS dUI] ~ 6°I oandrg

ER 12952

01 (O ADNINOITUL .
i I m )| H T:
111 m w
; H _ . } o1 :
il _< i bl
) SR ARREN | i
Il LIS ERNAR|I o8
882 .N/S T i Su
FINOLE 19PO ¥pasN it Jog
SUIYO 0¢ 3% pojvUTWaIS,L, -
souepedu] nduy H ]
3o eAIm) a8va0Ay 1
JIOMION UOIIBZI[IqeIS + i
~ouvpadw] ouyy [ ) h
EPIZPIN SECT-LO0T T 1 T 0z
t
! 1 m o
! i g
} M p—
\ 2
1 T.Y - N — o
T ' g _ 0 &
4 i H 1
1 Q
| i -
m 1 _l i
i J il 0
rHH
L H
i
M t
, ) “ “ 1 -
AnS | 09
..” p T H i -
Hith . + #
h " , } :
Ui it I i o A






